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■i::, iu -> o .:io?T 

It is u^i‘ "‘oou to "tjvoijO r/>o Ui»~i soon an x~r> j 
picture t;*ur boi»c Mosoros tSDro i**‘di'jitLori than solt 
tissue. nowov»»r, i^iie ti^ 'ue >jO-.o at an^ icpth beiovr 
the sxjn is e.itl r<»*t.e J tli»t as Luitor i": _n 

an infinitely l>r^e iio/iOicneous phantcc cf tlc3Uo- 
likc -I'-tealnl. ihis ntom ' is u^ualij vi ^cr or 

v?Nt i‘-equivf lent '<i»t«i'ii 1. It .laj b-en recognized 
for a long tine t«.-.t the es.juiiption of & ho?nogenecus 
phantOit ina .equately represents the co nplo:c structure 
of the body, and tnnt account should be taken of t.t 
least the larger discontinuities of structure associ- 
ated with the skeleton ? rid tlie air-filled lung tissues. 

Spiers ( 1, 43 ) has sho'.m that pov/dered hal’d bone 
of the huriun femur has a much greater absorptioii coef- 
ficient for lo'.v eiiGxgy mouoclirojaatic x-rays than ex- 
cised nuscle or f. t tissue. lie dctermiiiCd the absorp- 
tion coefficients of the various tissues using a pair 
cf Ross balanced filter’s, ipiers usou the \r.vo length 
band between 0.42 and 0.48 Angsti’on units and obtained 
r mass absorption coefficient for bone which was approxl- 
natel/ four tines that of muscle. Based upon this one 
expe. i'-ental fact and some sort of assuraption of the 
electronic content of .> );ie. Spier’s made extensive cal- 
culations concerning tne ener jy c*bsoi’ption in air, 
muscle tissue, fat tis.suc, and bone. From this he 
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d®ducod at lo\f x**ray otioz*glo3 (100 kilovolts or 

lass) bono rocolvod threo to four tlnos tho do so ra- 
ce ivod by nomal soft tlssuo* As nf^ntionaJ mbovo* tho 
relatively white outline of tho bonos in an x-ray plc- 
tu 2 *o conflraj Spier's suspicions. But whothor onorgy 
absorption is the final paranetor of radiation dosago 
renains for future clarification. 

In coniparlson with many other tissues, tho oxporl- 
montal investigation of tho radlosonsltivlty of bono 
has boon llrilted. This is duo prir.iarily to tho fact 
that thero is no obvious "reaction" as in soft tis- 
sue nor erythenal doso which can bo observed clini- 
cally by rolatlvoly simple nothods. Ilonco a search 
of tho lltoraturo is indicated in order to dotrraino 
and evaluate tho exporir.iontul and clinical ovidonco 
of tho radiosonsltivity of bono, 

II HI3T0HIGAL REVIBV/ 

1, Arthur Desjardins (3) gives a very complete 
review of tlio lltorntur© up to 1930, He reports that 
Porthos in 1903, and Rocamlor and Tribondoau in 
1905 domonstratod that bono growth in young animals 
was definitely retarded by roontgon rays, but that 
no porceptible histological changes could bo found 
in tho hard bone duo to radiation. In 190G Porstor- 
llng exposed half tho body of rabbits to irradia- 
tion. The animals oxlxlbited narkod rots'irciation of 
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i^Ofith . In 1910 Cluz’t fractured the log uonoa of 
toot .’nlnuls, and then crpoaod the i nlnala to local 
triv'. ilutlon at the site of the fracture. Callus for- 
naclon wus delayed In the exposed aniuals. Then Glu- 
zot first exposed the ICci^ to irradiation and then 
caused the fructure, calltis formation '/ns again de- 
layed, This was taxen to indicate that the rays act 
on the bone colls and not directly on the callus. 

In 1909 Krukonberg carried out irraiiation on dogs 
and produced the typical retardation of i^rowth even 
when the dose was loss than that required to cause 
the skin to react. In 1929 V/ynen bored holes in 
thick bone and inserted the roots of horse beans in- 
to the holes, sirailar roots were inserted through 
nuscle and both the bone and the rausclo were exposed 
to the sane dose of roentgen rays. At first the seed- 
lings grew at the same rate, but after the eighth day 
there was a narked retardation in the growth of the 
seedlings placed within bone as conparod to those 
placed within muscle, Vijnen concluded that the seed- 
lln(33 in bone received a greater amount of scattered 
radiation than those placed in muscle, 

2. Colwell and Russ (4) state that adult bone is 
relatively radioroslstont to x-ray and that injuries 
from this cause are rare, since they have not observ- 
ed any injury to bone or cartilage out of hundreds of 
cases of irradiation of mammary cancer. However, they 
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go on to stato that tho unprotoctid hands of tho plo- 
noora did develop undue fragility and decreased bone 
density. This was attributed to vnscul r chnngoa which 
Icpalrod hone nutrition. Hence we conclude that Colwell 
and Russ are of the opinion that adult bone la rudlo- 
roslstont, but that radiation nay cut off the blood 
supply to the bone thus causing an indirect tyne of 
donago which nay become evident after years of chro- 
nic exposui’e as In tho hands of tho pioneers. 

d. 'jfttson and Scarborough (5) discuss the subject 
of osteoi'adionocrosla vqtvj thoroughly* They attribute 
the developnont of ostooradionocrosis to irradiation, 
traima and eventually to infection. Thoy report that 
Rogaud considered lamellar bona radiosensitive, but 
that Nareotto connlderod bone cells more radlosenoi- 
tlvo than the Icmellne# ilwing agreos with tho latter 
point of view, Ke bellovos that the bone colls aro 
killed first and then tho changes in tho lamellae fol- 
low. According to Watson and Scarborough tho follo?/- 
Ing histological changes are prodiacod in bone by ir- 
radiations 

a* Perlostcuia is higlaly susceptible to irradia- 
tion, After sizeable thoranoutic doses gross swelling 
and thickening occur and tho periosteum strlos easily 
from tho bone. Histologically the Inner surface of tho 
poriostem px'osonts a thick hyaline layer without 
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cells, ill© lai^r or osteobl alo usually fouad on tho 
Inaer 3urf^c0 of the psrlosteiaa iii contact with the 
bone naj bo absent. This explains tho ac^c of ben© re- 
generation, ihc artorioloa nay be sti’ant^ulatod b^ 
post irz*acilation si»olllnfc of all th© coats comprising 
tlic walls of those vessels. 

b. Bono oxiiioits osteoporosis following irradia- 
tion, The trabeculae are n.wrrowod and Irregul r and 
tho volvne of the fatty auirrow is Inorensed. Exten- 
sive obliterative scloi'osis of the nutrient vossols 
takes piaco, Bono cells stain poorly with homotoxylln 
and oosin, Tlie Itimollor bono appears hyalino and very 
brittle, Canaliculi aro closel and tho capillary cir- 
cxilntion Is inperfoct. 

According to r.atoon end Scarborough tho bono has 
a dofinlte and pecullax' gi’oas IJLs to logical ai'ciiitec- 
turo sonowhat as follows : 

Bono cells aro derived from ostooblusta which 
have been inclosed in a bone space or lacuna. 

These bone colls are connoctod ono with tlio 
other and receive ::ouri 3 iir;iont through very fine 
processes known as canallculi, TliO outer surface 
of bono receives a largo portion of its nourish- 
icent fr<n the periosteal blood vessels which en- 
ter tho outer bone through Volisaann's cunnls. 
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ixio blt;Oi v3m3c 13 of h-* ' '-vcr I-U C l 1» JTii cho 
lu-rl )' t rt 'iv 3u. t/ly tii* icop’r ort iona of Iho 
Loi.o jieJ .n»ri ow, '"iila blood for^ rich 

Vioculer not ork onclosod In -♦ rigid fr-*i*.Q ■'ork of 
bone tlisuo, tho 3 tn:cture ef which nw.coa it hi-'hly 
vuliu to tho offoct:; of irr» di.ition. 

4. Swing (6) b.lioveo thi/t tho crlclxan oontont of 
bono r:a2:s3 it noro -bsorbont to raillatiou »nd th.'t scat- 
ter fron bone Is incro: Bod in Mio fern of ssco:id»ri®3 
which 'ourn'tho poriostonn • 

5. Ditlb^ ot (7) /oro tho first In Anoricc to 
rop-rt dMssgo to tho bono duo to Irr jii”.tion. They sito 
fov;rtccn c-ocs of the fr oturo of tho femoral r.ool: 

fol owing imdi .tion. It is thoir contention thi't this 
is a oignificont finding since it roprosents an inci- 
doncs of d.lfj and they naintoin that the normal inci- 
dence for t'nis ago group x/ithout irradiation should bo 
0,03^. Tlioy also report th -t the avorago ti.”ie ir.terval 
frora onset of pelvic m-llgnancy to fr cture was approxi- 
natoly three years, tho patients .vero from 43 to 78 
years old, T.d th\t none of tho patients sho.ved any 
sign of Cw.llus form, t ion ten months after the fractuxD 
was observed. Ihe ra lotion cnwloyod «ao ’00 kl-lcsvclt 
x-rays rlth 0,5 m. of Oerpor filter. ”:c dose ’ms 300 
r to uach of four arc-.s cv.iry oeccni to foui*th -*ay until 
a total of 1500 to 3000 r was reached ;ithln e p r- 
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lod of c.p* roxlfiato ^7 one mvt.th., Ivo or three oUch 
aerioa of trcAtfser.tt v*rc i^lvcn ul li*terv^l3 ^f 
three to six ronths. The total ^^oso ranged fron 
7,'X)0 r to 22,000 r. Sooe of the patients ^ero alao 
given Twilura treatcKnt, Vut Dalby and hla collabora~ 
tors believe that r “diun as generally e::ployod ( in 
103G ) probably had little effect on the fracture of 
the fe;noral neck. Tiioy biso t-his hypothoais upon the 
fact that ti-reo of their putionta developed fenoral 
fractures without any r*diuia ti'entricnt i^ecoiving only 
200 kilovolt x-rays. D.lby reports that the area of 
fracture sho.*od pseudoarthrosis, rarefaction of the 
bone substance replac-vd by plentiful connective tis- 
sue deficient in blood vessels. Hoad of femur showed 
absox'otion of bone and '.-li ning of narrow spaces. 

6, Stewart (8) makes the statement that osteora- 
dionecrosis is more prevalent ( renonber this is 1938) 
since the a invent of 'high voltage' roentgen ray the- 
rapy for the treatment of cuncor. Ho also states that 
Dentists, v/ho do not use roentgen rays (still 1938), 
nevertheless are the first to rocognlso and report os- 
teoradionecrosis. lie also makes the state .ent that ncc 
rojjis of the jaw is brou ,ht ^bouv, by radivin, roent on 
rays, arsenic, phosphorous and thorlxjm, but ho :lvoo 
no substantiating evidence for these statements, otew 
art claims that of the bones of the head the manSiblo 
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th® .»O jt !•' liicoGIlo _'wlVC { Oli.C* il I.. .i ’ 

clrcul. tlcn ) nor-t li: tJ o erdoi -T sen.’* ! tlv it^ is ^Lo 
ian::lllQ «nU fin 11; tho bonoii tho afrull aro cenai- 
do' ccl t)»e moat radiorcsi^f ont . IIo"ov’ i'. It aUoulu b« 
noted thf.t Cur:p(9) haa rc;’c;’tod five Ci a s of nt-cnoais 
of tlic c Iv- rlua fron liTaJiatl*-n, anj in tula connec- 
tion Crup rtatea that aince tho oalvirlun docs not 
function as u ■rfltJit bearing etructuro t }40 aynptono 
of npcrc ols aro llwllo to be ov-u Icohed . Foro is \hat 
Sto*?urt Ins to say concornln^, the clie-Tii/os th».t occur 
in bone follOi/lnc iiu’Qc.i'jtlon fnd concoj'nlng Iho .'*truc- 
luro end }'h;/siolcgy of the bone: 

Bono rocrivec its >;i‘Oct.r portion of nourlshr.> nt 
fi’OTi the poriostoun und frora nutrient artcrios sl- 
tuutod around the ends of long bones ouprllod by 
the cppoi’lai* a^t^^ics♦ The ra’TOv; t-lsc aids in 
bone nutrition. Vascular unastoniosis in bon© la 
clrcuEircrlbed by tho following tto conditions: 
ftbpi nee of large int'-rco^rTtrunlc' ting vascurlcr 
clmnnels; and rolt^ivc consti’lctlon of .he chan- 
nels by non-expanslvo bone structuro. The bran- 
ches of tho havers ion systen arc onclosod by 
bone lar.oll&c in which arc found lacunae contain- 
ing bono cells. The 1 j cunao intcrconanunic^t e 
throu -h fine canalic’ili. Bono has a relatively 
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lil^i culwlur* content J^l-h line a liit/Ii ttotilc ..olt-iit* 
Aceoi'Jint; vo c roJucos an unuaunl un- 

ounL r jwconJi i*j relation un:l Is l^as pen^ trutiug 
and is novo caaotlc, Rjicl tion osteitis in pi’O^-uced 
o'j a co.iblnalion oC r-ix-iatlon and inrcclion. Dead 
Lon<. favors ^ji’ov ih of b cteria throughout tl o ha- 
veraian jjsten the ch-nclic -li. Strong 

irr.vdlutlen of bone ..lil cause pr duetive osteitis 
which is u^ualij' iollovc-i hy ni-ticv-ablu thiclcoxiinc 
of ti.o clu.ft of the ^onc ^t the cx^xi ..sc of tl'C nar- 
row Cavity, hio use wf intense r-dl . Ion in or about 
the tone, ospocloliy .-.iicn iirTsction is lihule to 
follow, olioul^ bo rtvoileo. Deal , uction of carcinvixsa 
by ruJiotion ut Uio gingiva raarly always causes 
loss of ti-o coci’o xponiing sogn... it of bono, TIxoso 
ooJy tissuos and colls ./hich. li.ivo a loss extensive 
vascul. r supply an.l ariastonosis have a lo-..'©r thera- 
peutic and pathologic safety f.,ctor. rir.auos Jogoa- 
crato ph.;5iologlc-^lly an:- stroctur.xlly vhen the 
bi.ood sanplj Is Injuffloicnt because of the inixair- 
n.jixt of venous x'oturn, Px’cs -rit niOiVlcd o (as of 
lOdC) of tho aixonias and of gonoiMlis-d inf c-ct lent 
of bono dc.'joxistratco -l.-t bono :su.jt ;.ot bo classl- 
fiod fe3 an Inert saust^xxcc. Bone is probably one 
of the ..lost hlgl'ily spoclallacd tiss.iss in tho body. 
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V, Cttiv (?' * . u ’tJt V.. .*vo o a,*. ■-.* ai- r.I«u 

nocrotilB of klit o ilv l-~;. .*w b.licv» a Jv t t is 

duo prin^r-'lj to j t * .a - blood vabcuIw 

SjfftoM in tl'j ■•ra liy ion, boilovis t.avt r*-- 

'liijt ion la able *:o pro lues p^.'^founJ cL^ Ir. **u lu~ 

nolli»r oT'^'-'ct’ rt* of t' c bcuo Aai rend a it v* ry b'-lt- 
tlo* Hio .l-'llc 'tc c»llului‘ ]i\' 0035 ioa In tho ci-iuvlifull 
arc oapoclilly •^unc-rntible t< rt'dif -on aoconcl'u^ 'o 
Cinp. ''’ho lonj dcloy iu aoouoati’i'ticn uni ro i.itMt.oo 
of tlio tioaxio to aoluLlcn p ."0 i>iol £.bl‘^ tho result of 
lu^ui'y '<r<l r.cloroaia of blood mid lyrt' li voneola in tho 
h vorn Icn ayaton, i orlc-atctsi untl aurrornJ ‘ tisruea, 

Ct c^> ct' tos that ii's vioo of tVe dt*iici.te m ^ m*o of Ujc 
cytojlaarjc froceuaoa connecting boiic cel3.a throuj_h 
tlTo f'no crimlic'-ilur ayotcu,on rh'ch tho ectivity of 
tho bone natrl>^ d'-peridcot for nitrltlon, the duii-.or 
of injury to tho bono by direct ond ovcndai'y rayn is 
apparent. Ills patients v>ho el o\'od nocrcalo of the cal- 
vrvivn rocolvod doocn vhlch fron 500 r to IS, 000 

r t'lvon ovoi' a • cr3.od of months at tho r'- tc of SCO r 
In forty five iilnutoa xislng 2')0 k'lovolt x-rnys vlth 
little f’ltt*p!I^-n (0,5rTi Al), l!''crooie x.as llr,cov<-rcd 
five, ten or fifteen i«*i'a aft«r iiv«i;i"tion, 

0, Strcuca d J.'cOolir!ck (10) st to thrt if enough 
radi tlon ir, a 1 rtinli? tf.r<»d to bono, tixo v scuIm*, pc'los- 
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■ ■ iimmwm Hi ll ir loj iT n jii 

-• 4^*^ *4 ir<?« ^I!0 ^ * » II iiMi»«» mmilam 

^ i»^>ygg^i. ^ la «^i .4n4» 

•»4IM»f wO m^mtP m V) 

4* m «Mifr 4^^ JM MCi m n»« 

«&> '%» «*>«Ua* #1* «*H «tl t%^ »•«»«• 4PI»A 

I* ^»4Iam mi 4b«i^ I III ,nmtH 

p>* «»f f &l41i^«j||^ vr>4 m(H 

«i •^vc tom «»9« 

fi^ ♦♦• ^ ff ArfcePlk^Mr ♦4n4l44<9M 

•OC,4i ^ 4V4 MM 4iM4 ■■> « MCliiftQ mU**n 

- ^4K> »c <90rv 4iii Jft*4rtitsfft • 4 ^ 4Vf !:« ^ 

4t#v ft^r^ 9m aMi» r«lt ifti 

H.UJI cir mis9%%ii% 
W^it*kmm%L'V0r\» m« »«rit 

rtlii^i^tj tnft <*•!■ tff^T iiit IM‘tii^ft «S 



cations. ,Lej ahc t'O.i in^’ i<_<.cco ua t o fri ctu*-o of the 
fe.'aw-ral .isA.1. uli-ti- I’ooaj.faOu riio i.ivolvod uouo 

had ..;->t bo u liiVaasLi oj aoav*.iaurj iiu’ o^i-.i, ^.lo. '..lOi'O 
Struuos uuJ J.C joiiii’ioi. aaa'Ut.^d i-iwt l.*o ^i*uo tui*c aas 
cauaod In 4*il -luion* jinej i*loo x’opoi't a ■j’ox'aoiiui cosi- 
nuiiioati^n -x^o:a lucd ...lo laonti i;s five c s»-j of x“ib 
fx’ao^uro follov/ina i*a^laiiou tnoropj' for iSa^rnax'y a^noer 
(which iiccou.its 3or.s.»li.ut uhe abovc-^^e*..tiotied ctate- 
nouls of Colwoli and i^uaa). xh.aj aay thit x‘oente,ono- 
gx'oixa arc of little v. luo in e T-lyatiii^oj of the li- 
scusCf i xciloi* that oa teox*au.ion>_Cj.'oala ocoura jsuvb 
aftor in-udiution* 

3, Acco.'Jif*^^ to Bloom (11) manj invuo ti^,* tors h^vo 
roporlc- thr of ft. eta jf x-ra^a on tj^o.^th of tho lon^_, 
bones, but fct^ h ;s at tmplcd to cor^-olute t.^cse offccta 
v/itlx xiiatoio^lcai oh , 1 )^ 503 . lie f.l30 ma/tco the following; 
statement: '' •••• tho atuntun" of bono h^s fi oq- 

uontly been doscrlbjd c»3 an offset of x-r<.y tr>eatT.mt 
and doino;iCtr lied b^ rocntt,®nOi:,nt:i3, al hou^^ hlatolojl- 
cal obterv-tions no: o often incomplete and c ati'adicto- 
ry. " Dlcom repa’ ts thi t rianimum do-na^aO to tho bone 
oceux'o ct tho •*t.d« In rata expi^ccd to 000 x'' of 

total body ;:-rad^«-^tir'n ( hlcli in L')^q/C 0 lays) ^Iccm 
found co'-io dead 'oocytes In t^xe 1 .nellao cf the npen- 
&looa but not in the donno c rtlcnl bone. He also found 
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— 1$^^ ABA I >-<1^ 
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iff yi 1. ^ ^ 

oa HA*iPi|» 4M ^ Al^ %»#<»] aba 

■JiAiiA -MAi^ a* av^nma •• • i’ *a L «#i %«AiaaB 

r-i> 

iPL^nUar a^^iaaM »«»• ^ «0 «mM 4«oLAl>fAtia AWfv 
4«<I «Ata « >60/ tl iiiV'i>lfc<t 4I» ••>• * I fii 

i^r % i'> a» la^i^^aBMiAivaav ^ Aom 

^ i%6i ^iionAvia tH 

V t ®f** •••• ^ 4H^ Al»«a|i|»i^ ^^fV(fi» 

«wTf I«9I» «bU«AitMr t^4«f 

Aaai«l aaV #* •A<v<y* l|hn>a*« ft# |yi# AaatA 



thut o^too^x uisappOc*.. tu Lc* irra 

dv*aXJL^ i*c> wc***'-» '-i *“*x woi' a **g *^wijC* .*.1^^^ tlio 

or.cct of oOO z’ ol ts.t-1 ao^j li.a-la-icn or. ti.C! -iuiro.v 
of ruwi^it ai iol-.o..o; ri^c m.j i jil-ctj j- o7:pou'ar® 
to cJJ r oi A-r:.^j aul ilue: c^) , the LJi^q/w'J ux^a 

for raabiti, ..*ci-c tl*c aealz*v*ctiOii of xu^zl of tiiO Lc.aato- 
poietlc Cwllo & 4*%Ui t.ioir* roi>i-. 0 Vip^*4lO <tx ij. tineas tjpo 

narrov.', \..iioh lv.«.er ^aa or.x^d i.*to v. la^rrow 

fxz tixzxOAX «.AO*4*a t o p o X o X 0 ooXXaj to «-^Xoorii 

PoXxov wiS K/ L Xi^ o Xx*o o w>x aO a«jpXirf toe* •»*** ^ »«**3 z*opXao** 

ed bj g>-l^tx.*0U3 „.atorial a**.* t.'.oa f*it oclia, tiicn tiioao 
fat oolls :.-uot ho auacclatou with t**e 00 ^ 1 ^*;!^^ of re- 
pair of fee to. 
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A. < : ,■ cl' :■ 

In or i.»r t*.- t.x tlor of 

In f*.‘ tit .uc!! juo'i s bonti, juacls, ^tc.. 

It Is ii!.c:'S . ry to bive «.n £c-ur_tc ..no^l; of 
tlon co-t^ /i::lc!.t3 as u fnnotl^n of r^y snurjy 

and ato^iio o" tho 3L_.orusr. Tho e^:pro***lon ^or 

£baor. tloii of ruil‘tlon, dl/ix s -;iXI , tuoitly ^s.‘iX''.ios 
th ,t rK ’l*tli'>n ronovoi fro.i the beiua is uusorbod. In 
rsallty, horaivor, tho ' ^bsorblnfj’ material *.iuy scatter 
rallvtlon *iS Tell i*bsorb it in a i -.incr 3omo.'h.»t si- 
milar to fio effect of i^less on visible li^^lit. 

Hence by *i'.> 30 i‘ptlon wo are reforrir j to the reduction 
in Intonsity of t}ie Incident boar: as it passes tlirou*;^ 
matter. The jii.30 absorption coefficient, » repre- 

sent'-. tl'.c auii cf all Ui© , I'rocv^wccs by ’A'hich radiation 
is r iucG 1 in intensity In passing through an absor- 
ber, it.'hero 

rr^d z p/il r ts/d / q/d ............. fqn 1 

u = tot^l *,b.iOi‘ptlon covf.ulclont 
p - pLotOiilectric absorption coefficient 
a m Compton scattcr-absorption coeffirient 
q = pair production coefficient 
d s cloriolty in grario/cublo centinotor . 

A study of the litoratui-o rovoals surpi'isiugiy 
large discrcpanci in tho absorption coeff loionta as 
quoted v'^rlous authors. Theoretical fcr-iulations of 
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.,..-rt*^' W*** ii 4 ^ »se« 5 t **0 lv> *tl 

• i X, 1 ti^tth •« . , m * ‘S' A* <tii> eftOAS 
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4 ‘^<od 

J 4 ( 4 A •••§♦*•• .t**# 4 ’\ 4 > y 4 * ^ ^ y 4 • 

JtiM^i.! i>> XA£ vi s n 

•l’^ 4 jy»f#v 4 * 4 c •>. 9 

♦ 'T*^ •r^ 5 sr«.'t* *. »« *i»*Ar-P • • 

#a>lclll»G^ itoi #siuit!^m< *ti«q • a 
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the absorption coofficlonto nay bo Inorror by ton 
percent or greater for t)ie higher atomic number olo- 
nonts. Tho rxln rc . on for this: dlccrc^'a’^cy la due 
to lU# v^■rl ^^•3 np ro’*L*’'«tlo ”3 r'hich enter the theo- 
r»t* ;♦! cr Icul- tlcn" of crotjc-aeetlom for photo- 
ftl-ctrlc a'HSor ’tlon rnd for rrlr rrodvctlon* 

1 , rhotoolect^lc ^hfnc.t 

rays of losr energy rre nbr-orbed 
HiiilnTy by *ho photooleotrlc 0:^601101:: of e-«bltnl olec- 
trena ■^ror< n'o-^a of t'^o rbacrblnr ne<’lun* ^^ilc la a 

t 

re-’cnanee pho orctoa -n rhich the energy of n photon 
la tran*'ferro'^ to a single electron, ejectlii" It from 
the »tom. At very Xo'-' encrgloo tho no’.t probable dl- 
r^? el ion tnh<^n by the ejected photoolcctron la normal 
to tho incident grrcia ray ( boceuac It la ejected 
pir'-.llol to the electric voctor of t^o elec'ro-neg- 
n tic rail ' tion) . As tho cv.orcy; of tho granna rry la 
iiv’r* 3 C’, the electron Is acoclor^ tod by the cloc- 
tric field an before, but It is nor/ also do fleeted 
In the forvrrrd direction by t^© nn~n^tJc “^lold com- 
ponent of tho Inoid-'n*’ photon, -horo th© <’orrard dl- 
roctlon la telcon na tho dlroction of tho Incid nt 
photon. 

Holtlor ( 12 ) stn*‘co tlint tho photoelectric 

5 

creaa aoction of tho K aholl la ■^rooortlmal to f. , 
\;ho:'*o Z la tho otomic nircbor of tho f'baorbing olo~ 
nont. In ai*riving nt thin conclti-sion Tic' tier aacun- 
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^ aavaaftf ) %fKst€> Ti>-*£iJ<E«J f#-* 
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•iii «A0 1* arfo*pr. m£t vUv 

«^ri *T« M|^>X»t.>%c. el /«p^l« 4 £la 

ic«tooar «qUa tv u ri m •omtii a« 4Uta oMf 
fcioJT •*t*r3BaA^^ aT w»ffT^.fcO «5 
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-•'“r oa# T% ^Iff*** •fO tX ** 
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«d thc.t tiio c.ppro-cln«illon la valid ( th<«t la, 

Z/lZtl Is vjry “.ach Icaa trs&i. rnM;'-), ’\;lno (13) riado 
exact cclculaltci^ fo" th« r clen«nts ualn^ 

or— uj' t-.’ C :iov »rJ 'lo c -■riclv V'. *■ ^he tV'oo- 
Vj L^co up-311 t?'d ■' r:i (ipprc ri’X'J ion ' Jcb Inf ’ to 
Ihw po.Uiluto is at bo«i only oi*f*nr of rmcnl- 
V ...10 octlainto Df i.o p}ioto : Inotrlc croaa '■eotlon. 
Snyder (li) ou^’cata ’h;*t th« Z'^ ’la* * ;r.y '‘•ct'uclJ.y 
appro-:!;.:.- 1 • \.l,o j>hoto.il-’'ctrlo 'oc'^on for lov 

atonio luribor oloiisnta If 'hv S»;utor win is uacd 
aiii nultlpllod by the Strobbe coi’-’octlon factor( both 
rcforonced in SnyJor’s publlcition ), Tho n^'foot o<' 
tlio cloot-'or. skilla other than the K •rnoll -vj bn 
calculated .rron th-5 otapiricnl rcl'^tion tbet t’>''0 
aholl l3 roopcnaiblc for about lOt of tbo totol nb- 
acr.'tlon, ITull and jrtta (15) havo obtained eor.o 



t.ioorotlc^i justlf Ic -tl^n for this rule. The 
.’S-.ntlo7-.cd cenoi -cntlwis ir.iioat© that It Is 
c-lt to 2 v»luats tho acevn’r-oy of tVeoro*-ic .1 



above- 
’iffi- 
eel cu- 



Ir tio-ii. of t‘ e phot Dole- c trie r-be''rrtlon coof flcient. 
In joiiCral tho oxiotin" thoorotlct.1 calculutlons or'' 
cor.flr.td by tx^ cris.or:t '•■"itViin r'cri‘’ow llc^itr. , '^ut 
ci’rorj of S;^ foi* llyht olo.uonts arid 10;t for the ho'-^- 
vl^r nli> ’orits nuy b® cxpoctorl. Cuy)‘’'r d’'ll (16) rnd 
fonoG (17) have nlio..Ti fro»a erj o?’i*icrtnl co’:oldorn~ 
lions lliiat tho plotooloc ’ . Ic ^barr’-ti'^r coofflclort 

is well described fer a United r< ni,-o cf 7, r.nd .in 
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tho Units of tho x-i*a> wave lengths by tho cnpirical 
foiiraila 

;;ta k I>,n 2 

p? • p/ato.u 

a ■ wavo longtli of incident radiation 
u s f( Zy a ) 

V - g( Z, a ) . 

Cuyicendall noasurod th« nass absorption coofflclonts 
for C, Nai Al, S, K, III and Cu using a 600 kilovolt 
x-ray source and soloctod wave lengths of from 0*05 
to 0,209 A, Cuykondull indicates tliat *u* is a slowly 
varying function of tho energy whore 'u' decreases 
slowly from a value of 3,9 for 0,09 tlQV to 3,b6 for 
0*20 Mav x-rays for the relatively llglit woif^t elo- 
monts tliat Cuykondall used, Jioroas according to Jones, 
who used higher atomic number olom> nts { Z greater 
than 40 ), 'u* increases slowly from a value of 3,55 
for 0,09 Mev x-rays to 3,80 for 0,20 Mev radiation. 

Hence wo are justified in our above-indicated notation 
that *u* is a function of atomic number and wave length, 
Cuykondall also showed that ’v’ has a value of 2,6 for 
Aluminum and changes to a value of 2,03 for Copper, 

Jonoo indicates that *v* has a value of 2,79 for Z s 41 
and slowly docroaoos ( but not linearly ) to a value of 
2,60 for Z 3 02, Hence v/o are justified in writing, as 
above, that 'v* is some sort of a function of atomic 
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t M •« s V 
• ( a «A )i « V 
ftdi^ L£*Sbei«\,uQ 

4X<muiji M*i A >al^ lio fait« 2;( ,2 ^i. ^XA ,4a |D <«4n 
£0,C< f^o^ lo filial 9V4« brr* •V'WVn ;W*t 

vXrMOA • U «^* :^* »M«fiXX«i LU^4tr*v^ <IU,.C 

• 4«A«rMi« *11* fi«JA CS*Atli u< 

' # • 

o ^ - ■ 

•e? Ao.C, t\* fNi* %j.j *rol !• •uiiiT A \iTOXi 

^4* ^ 4t«jkXi «iic2 t»Ti t .. — »-f VB^ 09«0 

At iJEl^^%2iO« BA '<«Ki Xi «i;4«K^%V0 ^o*r> lUnm^* 

2 I IkfV* Mb 1<# #2fl99A OA 

«4SaA ‘Sc C<#XjY B fit'll Xi««X4 *tS* OAli2 

•DOUAltn r^M CWa(i «01 lia«C Cif ^«St <9t 

rOsIlWV tiff' 41 rU 99 tSOtll 

.t^j^pAX *i«9 •)»i«i 0 tMO OlI^gJa Ic ttitJjactfl 9 9l *ir* tAill 

V9) ^ Xti >V A AAd 9 a«17 9aXa llACMi^^f^ 

*Tt«l 0#,^ 29 «irl#r m 09 90^mgl9 ^twUmtfk. 

XJ s t 9ol tv«£ Ic AOXaV 9 9«(1 *9* f-MII AAiwAi^teJl AMTOu 
to A AS { lilAAkiXX f^il Jtu4 ) »«4aA**lAtii« X'C'^i 

04 mt WDiinurt ru 99 9ccmu «t.u:> » 1 tv) 

is£^ls! l9 4TOit9Pl/| A 1« #*TOB V09 %X 9<UiS •9fT4l 



n’zab . \*oVt Ic, V = )• 

Spiors (1) U3- i a for’aul^. 'it.-ii -ted to .'It-'r 
(10 0) ii’i th? photoclict : l3 c.’o?cr?t lo:. co*jm- 
cl.- : t ■ „ -jltto’i 3 



= (d/ )( 



3.94 3 

a 



■' 'j 

A s itcrp.ic ol '.V,*. 'f - "'rV*. f 
-I c Av>-g I.UTb.'r = 0,003 x 

i r dsnaltj- 

I. :; 0.’'1 X 10 ' .I sn a Iz ,;,iv -r ,lr. Ar -strorxs. 

It jibOT^l'i t«T z z -i .b ro ' 'hit Oplera, In uslru- the re- 
l -tior. of <VyJ ter, h&3 t&cltly no iune'’ t'-t*t *u’ ^nd 
•v* of tV^: Cuylicnjnl rol'.tior. ( soo O.-r. 2 ) ai'o cons- 
tants. Ctlior e-.plrlc‘l forrralae of 'I'e j!'«oa rbe rptlon 



cocf ici*i.>t aro '^r. follows J 

p/d R (..l/a)(: .04xlO~^ 7p / 0.0-003) 



(0^ - - 0.4-0 EJ) 



;0 rt 



/ 



^ - 
G *■ 

k •* 

Lqn 4 a; ( 

Loa (10) 
p/d 
vlioro n 
n 



oi^'rGO' Ir J’ev 
i: £.l:Mvtlcn In ’'ov. 

c auvt r'Ced b. -:*oy (10) In 
prcno'jfl ho folio inp ^ 

= (21/A) (1.4axl0~^® a” 

= 3,05 for olor.-rnt: C, 2’ an 
s ::,CC fox' Jler-.:rt3 f x -n Z . 
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^ .“AM / lnAii 9' 

^xnr «f a«tctTi«>u *.iiw>t a utm CX) 

^ *|0 ••^^r' 4#CX^ 

A •*» :■■■«£• V *v 

• * 

^ ^ ft I 

*" ^.«i , ^ ft a 

c— > # ^ 

V*» »»ftl ft ^ 

^ * I . - - 

0^ p^it* ftl |ftftft #49 fftiM «K> ^ 

*m* tlwM ,0MlH»f»ft ft»l 4^%l*r V «.cii-£ 

« 

9 mt m f%k ( f mltk^tm X4? iM<y^ «ci 1« ' f * 

ft « O’ • 

pfOl^r^»t^ft #«•• #» t» «»ClpiftT4 *r» - ♦*»f*l 

• * f tl • • «*^ ^ - # # s 

f£*«^ ^ l»*“a ** *^U*M .t>f*\*i* . iV * 

( cjf *-*»c - ^f c.c . ^ 

% #§###§#«» *'w 

I « r« 

\JS~ii t ^ 

.T#( iC ilftLI «D44«V9Mlr ‘f - 
T*!Nl J>1 <RX) ^ * T* 

TT^AI #ii* mMtt ^ (2^^ ««i i 

« 19 « 4*4**«. i •^“CXlfi^lJUVlli ft i»\Q " 

l> Sliv f «r . tftw* U *»«*. »tt«f: c .• niim 

^ ' ^'i T. ^ ^ . ,f 

€M 1 % 4 ^^ a m ^^ lm ^<rt 2 a 

-w- 



IfoiT'vor, Lea «iluo t];at the photooloctrlc ;ib- 

aorptlon coofiicieat Tor clirferent coopoxinJa hnvo 
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uhei’c 

C z (l/a2^a^)(3 o^/nc^ )(Ii/A) 

D z (3 o‘^/ua‘^ 

1 * 

that l/a^ r n(A-t)^(l/n| - l/n^ ) / 

n( £:^(r.-t)‘^(l/n^ - 1/tA ) (1-3/4)/ ..) 
rfho-'o :i n Hi-' Ihcrc com taut 



•lio.o a-7 , a t anil a;^ a 'O tho c'^ltlcul ...ivu Ic.ijtn ; cnch 



t s cci*oo!ilnt; co.^iia t 
iit_ and ai’o ln'-Q ;i'( 1 jn intici uuu'ui nj 
Ci z Sohi'-^o:! t vfo?-d. r'no 5t7’uctu2‘C corx*cc'-*on Tor 
hy utona. 



Tro* 1 'ul^ ' 5 T th-c Rt *vo .lontlono.i 
tho .'hoto-' lectrlc d> 't.*oa covrilclcnt ‘./a 
th* lut'or *s • ruTiotion or Z ;nd 



roi’*Oiicc 
:joc tl:at 
■I'.il th^t 



for 



ao 



o' f''-': .nl • ( ioa e-':*.rta j oi’ thl; 



r '■-.■wi' ol;' ''t hJL h -r n4^r ’;;i s r.n~l ttt lo\r or 
1 :tv v'-lv 's -f ’ ,1'^h h.' ch c r>ro coi.cornod. 



itj ulul 

aio liix wtoly 



'X) 



•M feiotiwjtrttv 4MArrai. 

U*^ V s » tv dll 

t r.\.» ^ 3 a« (%>/.- 

^*jj *^ $ms *«r 

***V 6 ajsJ.^ Ji6> (i\^‘i 

ta»i^#C*j>r. c* ’•!•• *4lr^ w <0^1 

V S j/? H ^ ^ • a\!i 

t*'rH ws*» «t\/.j;iSjfi fc T - 

UVK «:H|^>>i^V) » c. 

OB** ««4Ca^4i. aBl ^ yta jgk^ 

\ • s 

{.. VONt^l< {«V - ;t 

>i ii»^ a4» rtndir 

♦. * 1^ ''J— *rt • a 

*97l aX^^^ObO^ e>4 

*i — . 

ba i ^rB!>lj~Vix^ Ji #1^$' 

UM»lt>a »* «4l 

•4ffE^ f ^ dN* * 'V *^-«U»^fO'^ 4k> |^LrviHr»' «3 

.•iiAlt-**' <1 ,f^0 0th O^L^WI »■>!?■ !■>■■ ^ 4>4Bb<4f« 

»«.<m rw-mt ^*4iBr iBih^i ■* iw 

«V •>» # 9 1i wtidtMxf sp^ 



olectrlc absorption ooolTiciont xo relutiv«ly laau ii-i- 
portant than tho Compton scatter- aoaorpxion ouoiriclent. 
kJ* Coppton >^froot 

In tho Compton oiVocl t*iO la .iot .^.b- 

sorbod but ins toad ux:iort,oos a rc iaot*^a iu 
a deflootion frou its original uirccvion, u colli- 

itatcd boam of nonoorglc gio,.Ma raya .-I'wor w.avax'wln'j an 
absorber is partially adgradad In spioad 

over a wide angle oy soattoring* Coi^pi-o** flx’«t iojcrlb- 
ed this in oy considoi-lxig ■.uo intix ac -Ion Jit».een 

the photon and tne electron as u cloSvilcal t.*.j cod;;,' 
collision, aiiu uerlvoa tno lolio.viiig rclutlci* l>ut..con 
the scattering angle and the chaj.j^o in wave iouglli: 
a' - a s (h/tOQc) {1 - cos ic) « 0«oo4l(l - ccj C;) 

whoi'e iiqn 8 

6c s angle of scuttex* 

a’ and a are the ixiltial n^.u scd^ono^ -v.vc lu.i^t:x3« 
Tlio factor h/rx^c * 0*0ci4l’ aiigct^rou, *a.ova aj o*ic Coup- 
ton wavolongth, is tho aiilft in wavcioa^tn -.or jam- 
raa ray scatterod thi'ouglx inx ongio ox ninety ao^i‘oja, 

Tlio scattering angle nay ta»-o any vaxuo fi*o:.x aoro 
pi. According to Girl (21) " ... i- io .ppu.-oat LXiat 
on tho average ai'ter one or i,\;o ooliisiona, hlt^i-u.*ur- 

gy gamma rays are degrauou to (ffavolOiit^taa la ti v 
of a COi.ipton wavclca^tii. a'x* l..cr 

- PT - 



cc.xt.crln^ I'lca ’’•-s 



^ 9JnSn*Zr 

»3imit»l%i9^ it^jfmmm aai ti«Hf 

ujHfam^ .s 

«C itiif'iXi i» # /^-w «l1j au 

t>A* «• tt JtAMi *«»i JU«4 |iiM*:us 

~LC'.^ « . ~ ^ i*J JL« •t^TC' rr-Ji mm% IRUflMX^l 4 

iUs « V 4»w*| «J»Qd ■• 

Iiya*>yi^# 4^ «&x luh»«^4i# v^JU4krU4%i «i «#«riuftiia 

• i*4V>> _ «• S' Tf*V9 

*4V X •*« ••4#^ mXJ Ail «J<M 

vtrw* .^1 M 4* ^M€#59 i4« $iMi %S4 4ii4 

0«9'-iA<i -M.1«0.^ Jtsi • 4cf Ii«V^^4a -r* «3^4i/iO0 

4i •^ • 414.. «*U ttSuj * PI0 

t J 4#i> -* ->tl 4< <l m Xu 404* ~ X) X A •* 

d .1^ mwitit 

^Pf4*s#» li> <ll^ta • 4 
,A >•»«»: 5t-< 4 v*#4 4p4« IaXIImI 4^ 4TU« U 4i»4 *4 

-gv** Mil I .* Aa. itKfug^ ^ m 'l04C*At 40? 

^ ^tfi s4l i sI/J4 MU ml ^Afu^mlmtmrn oal 

h* *** ux%lUA 4AA i4* ^ M#4444 AM 

••> <*W4 aie^i 4vj*t ip4» M>*4 Pm Ok* 

#*.» •> •■! ••• * {Xi^l ^ *4^ 

~^^4" 194#. Oii^ <f« «MO W9<4U «(ll a> 

I 

*’*''^91 ^4tr fi«Bja 9^4 MdSd 7| 

^ •!•-• ^ 4, I < • ## il»« 4 sp d fiPW • 



- Jl. 



lossntiu'-.ed effect, tnd the n>;oton Ic noro lH.©ly to 
be ab 3 or’’cd suboeTU.en^'ly by tho pliotoeloctrlc of/’oct*’* 
U'n^un "nl5f ' of ac*‘tterlnr 

tl'- ^ " V 1* ’ p 11 '»'*Tnn r.**y »■ njiTiTlss h."3 been cur- 
ried ♦'loin '“P ’ '^’nb’nn on tho br^io of Dlrnc’R 

rel ■ of the electron, tnJ tho fornnilae 

oro ivT. bc''c’- ( f*"* Ird^cf.tod In Slrl’o text ); 

? ^ ■ =3B ( ‘'Z/ \) Sq - Kpn 9 

where 



3 - On’n’^ton er"-o-bnoroti 'U coofficlf^nt 

•>n-> »,l? otr*cn. 



2o = 3 ^, / iSqn 9a 

who ”o 

, 0 ,, s In ^ho ec"*:torln'’ cross section erlslno fron 

ii U 

the loss of photons nenttord out of tho incl- 
i-'nt bo'n r-?d*ntlon. 

-Gq 2 le t^'* '’b'''T’'tlop r^osn ",cct'''n ''h'ch oocounts 

iv t" ^ on in ^ n't. tty Iroi/ioiit 

benr^ -(;;q lon « in ^n^*^cry tbo 

i '^blch r‘.>o tnc^la'^^lc col 11- 

r^'^rin ol*>Ctf‘'On3 of fbo ’lb p’O^bov. 

Sq = y( 9(1 / 5--)^/ / fx) - (1 / .’c)/ ln(l / 

-(1 / 3^)/(l / ‘V)2 / (l/p.tc)ln(l / 2d) ) 



-hc'^'' 9b 

y G 9 

^ s hv/cuc^ s ■' 7 / 0.51 here HI Is In ”cv 



0 ''> «• 



, ;£»Ui «a ha, «#9 4rr^ 

Onn«t »>t4 ^ ^#1hu; « M3l*;i ^f>4^rv« *4 
V ♦^49V.«^9 U»t 

-^li4 «|»*w ♦► ' ttip* • w ®^* 'f'**!» %> 

r*««c^ 1% ^ 4Ur» yM k '-a^ 

•4f^«a t.t+ ^*14 ^ 

r< i^A|li?MM •(, J t^CiPUS't^V^ 

® • 44 k* **•■••• »/i I ....^ V*)i>| 1^ 

f-f- •• X^t-4 ^ ^ ^ 

•^vnj>r’ • iLw* . . 

jM nfi# • »*t f«t • •« •««« H 4^ 

^isriT -^il^ %p fiWl<-lfirr ^ %ilf^l •nff 

• •it 

ail W ®»cf’ P^tlncri^ a- e*tf 

Ji.fM--,4L JM w| C^UH^rr 

•*#• :ctf Jkr*igT>»® 4a 4^ f ^l tm^ ♦*- 

• ’ '* • •• »^4 I A asiQjIt 

«'S 'k UnT *# \U V i' - <« V i-|«* \*u- k no Jt . ^ 

( QMKxiiuMAri S •i- k 't\i>i« *■ !>•? 

« *4 

»».^ «ij »j V d .<V^ ,H. 






- y( :'(1 / L)'‘^/ r -'1 / M)/(l / no^ 

/ (1 / )'l / - ; ^r2)/ ..2(1 / o.)2 

- 4«-2 / 3(1 / ■^*:)^ ~ 

-( (!/»•)/ - 1/'”- / l/'’v2)ir.(T / ), 
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a o''0V'^ ci’-'i^'lnpn <t ' t *5vMoTit 

4V,-.*- J3 in^^T''n'i nt ''f , -o t;hf\t onco It 's c»l- 

c 

cul'^te*’! f* • '' r rs^'o *h'' Tirva my b© 

•ip'ill'itl to r>ny nb orblrv' ”iJ*^©rl?’l ‘'y n'l’’ tlnlylnr^ It 
’1th ^hc np r’^-)’^in < (3 c'>"^ t'lntrj , ? ’’to a'ro''rnnt 

t:i‘it n In 'll ■i"'^T 7 ’^r'^r'0"tioninl to ^‘bc - iPc^roTic 

W 

«">r vbp b'lorblr.'^ "«4*vl\rn, 

31no-’ ^ho obi in^ lvn of *^hlo thonla d 
to a In’^^:- e^c nt noon. f'>c validity of *‘bo Oomton 
‘’cnttar-f’hnrmtlon coo^^ictant, a nnarch hrn baori 
mdn tbo lltcr-' ''jro to detomino tho ■■icn”raoy of 
the Klein Nlnhine ©'•mtionii by nofn-’ to h «t orient 
‘bo onlcislptod v*’lt?co ar^r-eo ••/’♦h tlic orror:l'’:ontnl 
mnnlto. n©'vl''-^i' nn -oil nn Allon (r3) b-avn 

irennvrod tho abnor'^tlon of lev ororyy rndlatlori 
(0.1'^ ’*cv t'> 0,04 *’r?v) In Ge-^bon, or>d tb«ir oroonl- 
pont'^i rin'^ln''s ‘/oil ".•ith ■f'ho Kloln ri^hln*^. 

e'^'jtlona, Laurittson (04) co’'ri'r’.i‘''d tho f”'nn^t''ns 
•''or "ny cnor^lon of fron 0, SJov to 0,f\0 ’*ov 

unlri'’ C'rbon •■nd A"'unl v*n ?i8 tho «hno'^ho>’s , Par'e^n- 



03 



*f»f S >« !'• it \ tt“* V . . 4,^4 

®trt i ti^ V‘ c - a S :t(* \ ■< V 

• ^ X'U \ *. 

.( X I ♦«/ / "^‘vV* V ^\j - *♦ V n 

» • « « .t I 4 I • • 

at If *ap^l*A^^ arv*** v®f V '••«■•» • s: •” 

-r*o *!f .*• ^rjyr Mffr , ^ */» 'le* •-**' 

ma ,»« v«i»f *r' «• •,». 

)t ' '»t? t , ir^iir ’, •••* «^.e«(r - fi» fi»|l/^ 

9 t *J a« •X‘*^”‘ '■»> 

^f-m § 0 ^ o4 Iwrl/ »t<Tp^r <1.1 ^••• t* ► .» *• *' 

. <<** •itl 

sjff^ M mtif .«^ir 

-.«'*■»'? fn^ T-Ttr 

7 »«X . itf Cv*) *'•'» • '^HJf 

^ <^r«a«*c»4* 03 -»'IC **w «t •« 

^ #«sl» af aM L ti ia »« ftffaf^afiya 4BJ«Ua» l!iiCfr f*0 
<a' N arnDa 4f*r »W#f^ •“*•. *4» 

f^» Cf»Xi4 V» r/f fifj ^ .§iXw*.^ 

^ A ♦“*. .Jtu^ 

4 

•' Ui^fJl ••' * cu:- U4* *>-^9 ••-fftafl ».,--<• 

I 

, f* Aaa*%lV«^ 

•’.^•C. «iX Oft* t»- ,C* t"*" n4 

.«r»f^nu 9A -J Nf rms^*Z .vri»»r 



3 on (25) d ter-inud the /.c tWrln.* c^'O.ta ooctl- n In A1 
uslnj gurnui z'u'j "Ucr-vleo of l.il, 1.71 and 2.76 >*ov by 
two in ie*-on lont rctho’a *jni ^vand hln aioa5m’0’':onto In 
Qgro 0 ?" f i'*''” r>^r-" ’ ' th the Xloln ]<!- 

ailin'’- c ir' lona. '’.t*''’ •• on?o.': '•hl-'-h r.lTn cen- 

M-i'' 1 p:i arc: (''G), (27) ^ni ('^C). G*D. 

Adana ( *9) ’ t’’'' ^o~’’^ton .t^sr 

clent *t h'-'h •'nn'-'e'* ( 11 ’.'nv to 2'? M'?v ) x'zi'<^-z :r--”a^3 
fren r. Tev botat ''on, 7r^ fornd *:h t U'c e'c’-erl'^-ntal 
vnlnc'S t tntol •’'g-'r tlrn ao''^'f^ol nt in l''‘ai •;e;'0 
too Ic*' " C”^f '•r''-d to the thcorcticrl ernentat Iona . 

Ho” Adi. -ns conaludos thig diacr''p^incy la rae shelly 

to f'-'’ r-T”’ 0 ’’c Inh^r^nt in thf^ co^rr-jut’ t^oi'a -^7 tlie 
pro-’"atl'n c al-^nt, ed *' ■'t the Cr-n’^ton rc'ttcr-ab- 
sorT'tlor coof^iciont sia cnlaulff tel •^ron the Klein T’lahi- 
na relation p. ;ro ''3 . ell v^Ith ^he oxno •ino’d" al rosulta. 
Hence ve have irdlo t d b,, Ihle a*'rv?y of tl® 11 t'jrn^ jt'o 
that thc^e eTi''ta d finite ’^r--'.'f c'' tho vhII o7 tho 
Klein -Ueliina for'"rt'’lee for an ♦•''ery.y r'lO-'O of f’’n*r. 0,50 
Mev no ’•■'cv, *^10 ty~^ of ^ceu'^acy io n-^t "oaoihle for 
tho "'■’oto''’’ eot^ic ~n nr'^' ’net '.on eo-jff icicn* s hlch 

re.nsln '*t best r.ni'"lc'’l *n ’T'^turo, 

^ • ^n lr -ro had Io n '’ffoc t 

' hen *' ■"'nr.i.'’ nay ia 'v."'l ‘tely T i'’”bod 't *■’ *y 
I Iv'' '’■’an ^e 'n oloetron-'^oa ! t.r'^n pair •''’ovl''''od tho 'n- 
cli'''r:t nho'-on h s wn Initial ■ i^'r.ry of 1.02 I'-'ev or yrea- 

— p.<i — 



Zk Ml ^ 4 k: ' aem 

IRR^ *j^*/ t •. .rO |*»r •<!»«{ 

^ tB Bf» 1^ I #- 9^^ 

,*|^J|l4ig,^ 

*^«c t l‘f%^ j»»#*: •|ir—- •• ^ < —'^Jl 

1 ^^ <fC itm- 4^4 HMI 4 

• I Ml. C*t MiP 

!>-..! •l^r »t OJ W »» * iBi %• 

••♦£ ivS f »i ■• * • /Tt ••♦^ wp* I •*♦ •• • ^ ^ ^T 

♦ **Cf I* ^*&X* *i09 

% 4 i«<^ ♦» si ^T=^, «!•■ PBci^Pn# MM}« ^^♦•••>11 

p«U« -I V- M M U^'fppvg^ Ilf lr«rrw»il*^v«p*^ S *f ^ 

-i^jr gr^o m»^ i>fMia.T^ •* s4«./tet«f<>»{ -irif^i, 

• X* tM* •* * M t*** 9 il Sf^xiVf ««| 

«••! «lt9l/«<v ^ v» Arijcfl^i f*t4fs«« *«♦-: i^iif 

V «r »^-'»^ **< ' t . o — M » 

*i*»^ ♦I'tMX* »“ <f r o<iri»v> "^c #»x* ♦^P'OK f •* tMI 

grvsltac^'*' ».•», \va 4 O * cki - -.ij 

'fM# f** c^|mm7 

T •»!*?* >t»»t ««Mui»iWit 

-•’ fsAUi-pv* ^.— - ^H r p *» g i^ j %i»T» # >J K? wt# 

IV V *i ”0*f '* - 1 ^— »-i^ n \ 4 M Bi t »i^ to 

-*e ~ I 



I 



C - ' .'.d -t (3^) '^or'- 

.<n.;la f<-*’ V.t> p*li' jiroAtotl n 7C ■ '^lc1«n*: us^r * V'f' 

Bo "n c7>;- r o 1 -fc * i o r* : 

1 = ('"C/'*)*- vl "in 11 

1 = V:n^c'^ 

-« r o^/lic 

? / 2 

* 

Jlr.uo *.h- Tor-j :t<t r£'?in Ion is rot v lUl *''^r <ho 

hi,J *^c*uic i, rh r th^' >’ ''•''r ?-'l:o3 c Icu- 

I' tgf q . ?*s not 0 ^ to corfoinii to tho exp^- 

’“i-v.yot ’ll V; lit ■ ^ cT'Os'. ^1/ f~'r t''. Ill 'i >r Z vpIuos. 

/. i'jr.n (13) 'o . l''-' iv ’’O'l fi>'sorrt tor corf^lcl,.- r.rs of th© 

-I'l entn trlt' * ni'r.ty ’Utn^fx, s*" to.; t’* t ^hc cal- 

cvl “od vt luG of the p»iir ''ro ’rctlor co ff lciont in 

'CO iiii*l In tlo ' of Ic’-d 'T'^ too lor rpn copper 

L’.it Ic vt lid Cvr a.I’n'nun * nd iron, '^h's r<^nl''y inli- 

c t‘3 tli'' 'Hplrical iv tiu’C cf ^hc p»lr proirctlm coof- 

ri'tlont. In r 'o 'n":- rr'lni’ ’'i e o'" '^rlr 

; .*-0 'Uo "1- 'I in il‘r r’-’c?*-<r C'^i i '■vb flolc'^ o 

u. i 1 ccnti’it ; t i 'oc tu ■ i'^ '■-ro.’^'r^tion in '"■olds 

Cif .roiiic .-lociron: -’ii''' ij ' ■pro-'Inatoly r .-o’ ortlon- 

vl to Z. .'atnon (31) f ud vino Ad-.n3(^3) nt-i^'o th-t If 
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where 



E c energy of inclaent photons In hev. 

R 

Therefore 

c ''d = (KZ/a) (q/elcctron) = (NZ/a) q »T....Eqnl2 a 

© 

which shows that according to Hlrschfolacr ' a approxima- 

Q 

tion q/d ia proportional to Z*", bxit note that this ap- 
proxination is not valid above 5 Nev. For higher gamma 
ray energlea ( where E is much greater than 0,5 Kov but 
less than 157 niQC^ Z ) Heltler and Sauter (33) have 

given the following equation: 

q^ = (oVraoC")"^2;/l^V)( ( 28/9 ) ( In ( 2hv/Z ) -2/27) ) 



Eqn 13 . 

\*.e note from the foregoing considerations that since 
the electronic Compton absorption-scatter cross section, 
Sg, is Independent of Z, then Compton scatter is rela- 
tively more important in low atomic momber elements, 
and photoelectric absorption and pair production are 
more important in the high atomic number elements. Res- 
ponsible for this is the fact that p is proportional 

© 

approximately to and q^ is somewhat proportional to 
the first 2. 
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Is 9*3» It is ray suGg^stlon that no attempt bo raado to 
assign any offoctlve atomic number to a coispoimd « ins- 
stead , wo ahould content ovirsolvos with oxprosolng tho 
mass absorption coefficient of a compound as follows: 

(ra/d) Compound r Hq / Pq / ) ••• Eqn LO 

whore 

Hq s ^ w^ / 3 i? of olootrona/gram of conp. 

It is Interesting to note tliut n^ is a maximum for hydro- 
gen, thorofr-re any compound which hns a high weight per- 
cent of hydrogen will have a largo Compton scattor-absorp- 
tlon coefficient* All other oleraonts have approximately 
tho dame n^ since they all have their Z/A ratio equal to 
approximately one half, but tho Z/a ratio of hydrogen is 
unity* Hence tho maos Compton scnttor-absorptlon coeffi- 
cient of hydrogen is greater than that of Uranim. In 
view of tills it is just as important to dotei’mlno tho 
\»cijit percent of hydrogen in a compound as it is to do- 
iemino the high atomic number oleraonts in a compound* 

This la because the photon undergoes raultlplo scatter 
when it passes through tliick absorbers and the original 
photon energy is degraded to such a point that tho pho- 
toelectric effect becomes more probable* It is also our 
contention that tho general practice of assuming that 
tho Corj 5 >ton scatter coefficient, gS, (see Eqn 9a) is not 
involved in the absorption process is not valid* It is 
my assumption that the concept of offoctlve atonic nun- 
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ber loads to conTuslon and ahoiild bo avoided In bio- 
logical work* dlnco tho approxlnata chemical composi- 
tion of most of tho tissues Is fairly t/oll knovvn wo 
should focus our attention upon the electronic con- 
tent of tho compotind and upon tho relative weight per- 
cent of tho constituent elements rather than making 
effective atomic mxmber calculations of tho compound, 

C* Calculation of Absorption Coefficients of Some 

Tissues* 

A comparison v/as mode of tho absorption coef- 
ficients obtained by tho various invostlgators* It v/as 
decided that the theoretical calculations of Vlctoreen 
(20) most closely approximated tho experimental results 
of Cuykendall (16) and Jones (17) for low energy gamma 
rays. For energies above one Mov tho cozaprohenslvo work 
of Snyder (14) was considered satisfactory for our pur- 
poses* Tho absorption coefficient curves at tho one i^ev 
point were matched pictorlally* Plgviro 1 shows tho mass 
nosorptlon coefficients of tho following elements: H, 

C, H, 0, lla. Mg, Al, P, A and Ca* Prom those values we 
have calculated the mass absorption coefficients of air, 
water, soft tissue and bone* Tho results agree well with 
the avAllublo exporimontal values* Tho following compo- 
sitions for tho different tissues v/ero assumed In cal- 
culating mass absorption coefficients: 
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soft tlsaua and 50$^ Is ash; and that tho ash contains 8Q^ 
Ca3(P04)2; 10^ CaC03 and 2^ Mg3(P04)2* This avorago bono was 
selected to confora to tho bono reported by Splors (1) and 
Wilson (34)* As Indicated previously, tho mass absorption 
coefficients of the above nentlonod compounds have been cal- 
culated using tho following type of general foroula: 

Vd * N( (ZiwiAi)ao / Ica^ ^i/H 

1 1 

/ c(E - 1.19) Zf 



Eqn 21. 

The results of these calculations are drawn In figure 2, and 
In this figure we have also drav/n tho (la/d - gs/d) tern for 
air and for average bono. Most workers choose to call the 
(ta/d “ ss/d) terra tho ’real* aass absorption coefficient. 
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Ho .ever. It is ovir opinion that in tho clinical appli- 
cation of radiation to tho hunan body the real aboorb- 
ptlon of onorcy depends noro nearly upon tho ci/d tom 
th^'n upon tho (c\/d - tern# It is true that tho 

Kloln nishina relation states th/.t tho gS tom repre- 
sents the 3 oattorin 5 ; cross section arising from tho 
loss of photons scattorod out of tho boon, but this 
oppllos to an Idc.lly thin boon of photons passing 
througli a very tixln absorber such that tho intensity 
of radiation before and after passage throufjh the ab- 
sorber is not essentially changed. Certainly it would 
be D gross exaggeration to aasumo that tills applies to 
tho actual conditions oncounterod clinically. In Table 
II wc have listed tho two ratios, and r^ \/horo: 

1*2 = (nv/d) nvo bone / {vi/d) air 

^2 = (iVd - gS/d) avo bono / (iVd - gs/d) air. 



Table II 



Energy In 
Mov 



r, 



2 



0.01 

0.02 

0.03 

0.04 

0.05 

0.06 

0.07 

0.08 

0.10 

0.20 

0.30 

1.00 



4.90 

4.38 

3.31 

2.32 
1.88 
1.62 
1.44 

1.32 
1.22 
1.11 
1.05 
1.0 



5.52 

5.00 
4.40 
3.90 
3.14 
2.V0 
1.95 
1.21 
1.07 

1.0 
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In •« .^a. .u - V. .T* .1 > .*1* .. c • m^'cnts 

of av?»i*at '0 j t '01 uj - .t - A. L’* Ic* I •■•v>.o-l3 

provi ‘U»l> i' ilo*iv^a, ' i'S •• •. . ; I*' -Jlh tho 

valx’*.i> irfto b.. opi' -'s (!)• it all .i< t ’ ' ii. * Ithough 

Spiers tU.t tii;; t.u.'C'l*44io Cu'.> i.i !' - .' w*0 

, r 

v.»^ h* Vl- t.4 -1- »,.-0 >■?',’ ^ '•! Ij 

pr 3 b oiy «v)ra .ruv *'.'o tin, n^rl*.* <? o” tho 

clic- l-;'',! cc.-tpoaiti )»4 of oouo. It is i-ur .vc i ' ' Ion that 

tho eloctroi.lc cuat«i.it of .joaopL-ri;, »* turli..'.s bo I«*t rmlned 
theorotlc lly cs liAi3.-tci vi^^'usi^ in t}xis ‘he*. Is, or 
tlio r-oults seew to jnstil j this pi*cco*.uf e. 

D* -Joterr.ili tl -a of uio jn- r: ^ 3 ■(■ icr'a ; of .)lffc3v>n t 
t.norf:j X- V<ui’ ^ oana. 

.o h-vo JOi, r.ii* the spwcl.’un lO-O '.{llo- 

voit unfilt»rol x-v^a, 'Jo .:v fi.lC3,e:i mi 100 kv flltorod 
x-ray bc&ns. -no of I’ o t boj -o oro linted 

below; 



Tho ioO Irv bc-‘..t vllhout i iltci’ Lj *9 r h^lf value 

(I'VL) layer of 0,6 :nti Al vrhioh In ,iC’ t t, "lu • v^'rarje 

energy in tt.o bo'^xa it t'h ^-v .v.u tiio ■iv<» lor.^rfch Is 

0,546 A, binco ‘wno raaxiiaira caeryy oi’ tha Oouli lo 100 kv, the 
uinlcu.a v»cvo length is 0,45 A. e n^.e taken into oonaldera- 
tlon all of the boon fro.i c \,uve length of 0, \5 A to 1,2 A, 
The 200 kv x-r*'^ .'j-m *iU. 1 otn Ou fl'tcr h an KVL 

of 1,5 Gu, hor-ce an u'/ci'^ bf«Ja of 05 1 llovolts 
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and tho avor^ ,e wave length is 0*128 A* v/lth 
the ralnlmun wave length at 0*0G A* 

Tlie 400 kilovolt x-r*tyo with 2 n.M Cu plua 
1 J7K1 A1 filter has a half value layer of 4*5 
lira Cu hence ita average energy la 175 kilo- 
volts and its average wave length is 0*0685 A 
with tho nininuci <avo length at 0*03 A* 

#o have neglected tho portions of tho boarn whoa© 
wave length is greater than 1*2 A, since everything 
beyond this wave length has only a superficial effect* 

.0 have also neglected tho absorption in air since 
this effect does not have any appreciable inportanco 
oven in the case of tho lOOkv unfiltered beaia, Tho ave- 
rage air distance in oxu* oxporiniGnts was approxinately 
oO cm* 

Tho energy apectrimi of tho 100 kv, 200 kv and 400 
kv beams is given in figure D* Intensity in arbitrary 
txnits is plotted against wave length* Tho relative In- 
tonsltios of the dlfforont booms are not druvm to scale* 

A study of figure 3 oho\/s that although it was possible 
to separate tho 200 and 400 kv filtered boons only into 
two monoorgic rays v/lth a good doal of accuracy, this 
was not tlio case for tho 100 kv uafiltored x-ray boom* 

Tho latter required separation into eleven different 
nonoergic rays befoi'o tho approximation was considered 
adequate for our purposes* Tho details of tho ooperations 
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of the dlfforont boama as well ns thoir Intensltloo oro 
11s tod in ttir.lo IV. 



Tablo IV 



100 kv unfiltorod x-ray boon 
separated into the following 
conpononts 



Wave length Knergy of Relative 
In Angstroms ray in Kov Intensity 



O.IG 

0,25 

0,55 

0.45 

0,55 

0,05 

0,75 

0,05 

0,95 

1,05 

1,15 



75.2 


20 


40.0 


57 


34.3 


00 


20. 7 


100 


21,7 


02 


10,5 


77 


IG.O 


GO 


14,12 


48 


12.62 


35 


11.41 


27 


10.45 


22 



200 kv with 1 m Cu filter: 



0.10 120 100 

0,16 75 100 

400kv with Cu andAl filters: 

0,045 267 100 

O.IG 120 100 



Pron the definition of the roontgon v;e have the 
following relation: 

r/scc s (l/k)nl ^qn 22 

where 

m = total absorptloii coefficient 
I X energy flun r intensity of radiation in 
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k = coiistimt M Tlao product of the energy roquirocl 
to proauoo one Ion pair in air 
and t’lo nuaber of ion pairs for*r.od 
in air under ntp in 1 cn^ by 1 r* 
r (32,5) (1,6x16"^^) (2.003x10®) - 0.1003 . 

Thor-eforo v/o nay writ© : 

(I)/(r/soc) s k/in « O.lOOd/n « orgs/cn^-r 3qn 23. 
In table V wo have indicated tlio l/(r/sec) values for 
different energy photons in air and in average bono. 



Table V 



l/(r/sec) values for 
air average bono 



Energy 
in Kov 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

120 

270 



17.4 

107.0 

234 

333 

391 

447 

402 

507 

533 

540 

582 

750 



2.5 

17.23 

51 

97 

150 

209 

234 

244 

283 

317 

345 

408 



It should bo noted that tlse values listed in table V 
probably will not conform with the v^alues normally 
encountered in tlao litox*aLurc. Iho reason for this is 
twofold. First, wo have used the total absorption coef- 
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flciont, m. Instead of .ubtractln,: the Comiston i!C-itter 
coefficient, m - gS, ns ie done in the literature, and 
second, wo have used the li^test aosorpti coefficient 
values and have r.iade a choice of the bait available 
data after conpurinc, the results of the different l;*— 
vestlf^atorc ♦ These two factors niay lead to a consiJer- 
ablo difforonco in the values of table V and current 
values found in the literatui’e, A study of ta'« le V 
makes it clear that the energy flux necessary to pro- 
duce one roentgen in air is considerably loss for 3.0 
kilovolt x-rays ( only 17,4 ergs per cm" is required 
at this lov? energy ) than for 100 kilovolt x-rays 
(which I’equiro 540 ergo per cn^ for one i*oentgon) • 

And in the case of bono thla difforonco is oven more 
striking ( 2,5 as compared v/ith 317 ), With tho data 
available it is possible to detormlno the conti'lbutlon 
of the different components of the x-ray boom to the 
total dosago delivered. Ar. cxouplo will illustrate tho 
indicated method: 

Tiio relative intensity of tie 16 kilovolt compo- 
nent of tho 100 kv unfilterod beam is 60 (see 
table rv ) . Prom an extrapolation of the data 

contained in table V v/e note that the nxmiber 

o 

of ergs per cm required to produce one roentgen 
of dosage in air is 64, Hence wo can say that 
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t}io perconta;^',© contrlbulioi’ of tho 1C :ilovol#t co - 
ponrnt to br« total of tho hoam is (60/G4)/7,56 ^horo 
7,b6 Is tho sanx-iatlon of all such cormoru-nts in the 
100 kv uiifllterecl bejm« The results of oil those cul- 
culatior.s are listed in table VI. 

table VI 

100 kv unfiltcrod bean 

avo length Porcontaijc contribution of different 
in Anijstrons coaponents of tho botun to tho total 





dosage of the bean in: 




air 


average 

bone 


bone/air ratio 


0.16 


0.5 


1.16 


6.3 


0.25 


2.0 


5.4 




0.35 


4.0 


16.3 




0,45 


7 


36.0 




0.55 


10 


57.0 




0.65 


11 


77 




0.75 


12 


79.3 




0.05 


13 


90.31 




0.95 


13.5 


92.51 




1.05 


12.5 


69.41 




1.15 


14.5 


104.1 






100 


650 




o 

o 


filtered bean 






0.10 


45 


70.4 


1.71 


0.16 


55 


101.2 






100 






400 lev 


filtered bean 






0.045 


41.5 


78.2 


1.708 


0.10 


58.5 


92.6 






I'Oo 


lYO. 8" " 





Ve have indicated in tnbxo VI tho contribution of the 
different conponents of the beam not only in air but 
also in bone. The bone to air ratio of 6.5 for tho un 
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filtered Vt/tA b«%*i as com.o«»r«d to t)io r^*tlo of 1*71 for tho 
unflltered boan Is a truer picture of the differential ab- 
sorption of x-rays in bone and olr than would bo obtained 
by a sluple con^j.a'lson of tho absorption coofflolonta in- 
volved. Moat studies on this subject content thenselves 
by neroly quoting the absorption coofi’lclents of alr» wa- 
ter and bono and presuao th^-t such Information is suffi- 
cient to tho clinical radiologist. 

S . fitultlple Scat t. r as Gontrt sted Against Filtration 

.i^ffeot of Bone . 

Selling and Osgood (35) make tlie at* toracnt that 
lynphaLlc tlsaue Is noro sevoroly damat-ad by extern*! ra- 
dio tlon tluin bone mari'ow which la partially protected by 
it bony envelope. It Is our purpose to tost tho validity 
of this statement first from theoretical conaldorations 
on then through animal oxporlmontatlon. ilth tho informa - 
tlon contained in tables and VI and depth doso data 
normally available in any raodlcol journal davotod to ra- 
dlolo^’y wo have detorminod tie depth doso rolations of 
tho tliroe different x-ray booms used In our oxperinjont. 

The ro*iulto aro tabulated In table VII below and repro- 
sontod graphically in Figure 4. 

Aoaunlng tlio x-ray boan first goes through 1 cm 
of soft tissue and then passoa through 0*5 cm of hard 
bono before reaching tho narrow, then tlio bono narrow 
receives 47.2;^ of tho 100 Irv unfiltered boon, 09.7)J of 
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tho 200 kv filtered beua and 07. G> of th# 400 kv flltorad 
bdon. How®vor» It ahonl.I bo notad that tiiaso results ro- 
for only to Uio prin».ry bocun and do not tako into cor.clda- 
rotlon raultlpl* scatter* Thus considering only the prlina- 
ry beam and single scatter v»« note that the bony envelope 
of tho narrow protects it considerably fron rel* tively 
low energy radiation. Flosset and Cohon have ohovm recent- 
ly (March 1951) that for distances snull conpared to tho 
noan free path of photons the Intensity of tho b am or ray 
la accurately given by the transnitted unscattorod radia- 
tion and tlio singly scattered photons (41). Tho nean free 
path is defined as the reciprocal of the absorption coef- 
ficient, l/m . They also state thiit for distances of the 
ozxior of a noan free path and greater tho contributlor*s 
f 2 *on tho photons scattered twice, three tlc^s etc. bocomos 
increasingly great, -.o have Hated below in Table VIII tho 
tho noan free path for different energy photons, but we 
hove listed tvso separate mean free paths, one being tho 
l/n relation and the other, l/( n - g»)* In tills case It 
stakes a groat deal of dlfforenoo whether we assm® that 
a or a - represents tho real absoi*ption of energy in 
tho liunan body* It is not our purpose to roconrnend whother 
ra or a - qB should bo used, or whether a valuo Intorriod- 
late between tlio two should bo used* However, we have con- 
sistently Gsaunod tho n should bo used in our tlieala, with 
the condition that the n - gS term values should always 
be included if such substitution leads to aignlflcantly 
different results. 
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Table VII 



Thickness of 


Percentage dininution of 


energy for: 


soft tissue 


100 kv beam 


200 kv beam 


400 kv beam 


in Cm. 


unfiltered 


filtered 


filtered 


0.5 


94 


98 


100 


1.0 


85 


94 


99 


2.0 


69 


92 


94 


4.0 


45 


71 


79 


8.0 


19 


43 


51 



Table VIII 

Energy l/ra in Cm. l/(m ” g*) Cn. 

in Mev water average bone water average bone 



0.02 

0.03 


1.3 

3.0 


0.16 

0.32 




5.6 


0.54 


0.10 


6.7 


2.92 




41.1 


11.5 


0.30 


9.6 


4.9 




36.4 


18.2 


0.50 


11.6 


6.0 




33.3 


18.0 


1.0 


16 


8.4 




36.4 


19.1 


5.0 


38 


19 




57 


28.6 


10 


50 


26 




68 


31 


15 

20 


58 

62.5 


30 

32 




74 


33.8 


30 


67.5 


31 




74 


32.7 


40 


69 


30 




73.5 


30.8 


50 


70 


29 




71.5 


29.7 


100 


69 


27 




66.7 


27.0 


0.022 


1.47 


0.18 


{100 kv Beam) 


2.0 


0.15 


0.095 


6.25 


2.93 


(200 kv Beam) 


41.7 


20.0 


0.175 


7.15 


3.30 


(400 kv Boom) 


41.7 


31.2 



If we accept the work of Plosaot and Coohn as re- 
ferenced above, then wo must assune that the multiple scat- 
ter is inversely proportional to the energy of the incident 
radiation and directly proportional to the thickness of the 
absorber. We note that if the multiple scatter is reduced 
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then the de.irudatlon of energy Is reduced nnd this de- 
creuses the probability of photoelectric absorption by 
the calcium of the bone. If superficial x-rays or Grenz 
rays ( 10 kv or ]e ss ) are used they cannot penetrate very 
nuch to do any appreciable damage to bone. If high energy 
x-rays are used ( from 1 Uev to 25 Kev ) then the multiple 
scatter is kept to a mlnlniiua and the bone is not damaged 
to any greater extent than the soft tissue elements. How- 
ever, if x-rays of an Intermedi-* te energy are used such as 
50 kv to 800 kv (especially if the bean is not filtered), 
then the bone receives maximal di.ai.ge as compared to the 
soft tissue. This Is because the Intermediate energy x-rays 
are scattered a ntJmber of times after they penetrates into 
the body nnd this causes a great reduction in the energy of 
the primary beam, hence the probability of the photoelectric 
absorption in bone increases fifteen-fold over that of soft 
tissue since the bone contains a largo percentage of calcium 
( Z - 20 ) as compared to soft tissue { where the highest Z 
is eight normally ). It is the main purpose of T.hls thesis 
to suggest to the clinical rndiologlst the type of x-ray 
beam to use in order to reduce the damage to the bone while 
doing maximal damage to the soft tissue tumor elements. The 
previously mentioned experiment of Wynon in 1929 (as report- 
ed by A Dos Jardlns(3) ) seems to confirm the contention of 
Plesset and Cohen concerning the extent of multiple scatter, 
because Wynen was able to show experimentally that seeds in- 
closed vd. thin bone received more damage when irradiated as 
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compared to seeds inclosed in muscle and receivin (3 the same 
type and the same dose of radiation. This fact suggest that 
the filtration duo to the bony envelope as su.,gosted by 
Selling and Osgood (3b) does not give the complete picture 
of radiation damage, but that tie radiation damage produc- 
ed by second ries or by multiple scatter must bo taKen in- 
to consideration, and it is our contention that for low or 
intermediate x-ray energies the excessive biological damage 
ppoducod by multiple scatter overcomes any beneficial effect 
of filtration ns calculated from the primary beam and single 
scatter. 

Since multiple scatter is proportional to the thick- 
ness of the absorber, we decided to use dogs as the experi- 
mental animal rather than guinea pigs, mice or rabbits. Also 
the hematological response to radiation exposure of the dog 
is quite similar to that of the human being, but this is 
not true for rabbits and other small animals normally em- 
ployed in biological laboratories. 

We believe that despite the work of Wynen, and des- 
pite the calculations of multiple scatter by Plesset and 
Cohen, a quantitative formulation of multiple scatter has 
not yet been developed. It is because of this that we de- 
cided to actually test the filtration vs multiple scatter 
effects experimentally in tost animals. 
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A . Arltnal '.’xterl-: nti tl on 

A total of elovtjji do a ^’'-nro use i for the ex- 
pcrin-'.it. The do“s were irr.dl'ted with three different 
beans of x-rays. The dot' ils of the quality of r '•dla- 
tlon is riven in the lisousalon of e ach indiviluol dog. 
In every case tho irradiation #as local. Hhon the front 
lors of the doi’s were exposed, the center of the bean 
v;as nmde to irnpinre u^on the center ofth'' radius and 
the Ina. In each case tho exposure was uoon the later- 
al surface, fhen the hind legs were exposed the center 
of the bean was made to Impinge upon the center of the 
tibia, and the exposure was upon the lateral surface. 
Total blood counts were made upon the dogs before and 
after exposure. It wus found that this type of local 
irradiation did not effect the blood count at all if 
the rest of t he body of the dog was well protected v/lth 
0,10 inches of lead. In the case of the first dog cited 
oelow there was a decrease in the total white blood 
cells, but it was found that this was due to inadequate 
shielding, hen the body of the dog v/as completely 
and thoroughly covered with 0.10 inches of sheet lead 
there was no chnn 'o in tho total blood count even when 
the dose was increased to 2000 r, 7e have indicated be- 
lo\i first the details of irradiation of each dog and 
the macroscopic effects of radiation upon tho bone as 
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Indicates ’nrln: autopsy, '>nd followlnr this wo h*vo indi- 
cated sone of *-ha hlstolo jic 1 effects of r»diption uoon 
bone , 

1 . Details of the >*<i|:iod -)f Irradiation o f the 
Different Do=~s ‘•■nd n Study of the Nincroscopic Effects of 
Local Irr g dla tion Upo>^ Bones of the Pops* 

Pox ^ 9G75 

220 kv x-rays with 0,5 ran Gu filter, fsd 25.4 
Cra., 492 r / 4 minutes given to the front riglit leg, 984 
r / 8 inlrmtos given to the hind right leg. Dog sacrificed 
49 days after irradiation. Epilation of the right hind 
log foxirtoon days after irr<‘diation, recovery 28 lays 
after irradiation. Upon autopsy the organs were normal in 
gross appearance. The right and left radius were cut at 
the center at rig}it angles to the long axis of the bone 
for histological study. The cortex of the bone of the right 
log as compared to the left leg did not Indicate any thick- 
oning. The bone marrow appeared to be yellow to yellowish 
red and fatty with some evidence of capillaries or blood 
vessels present on the endosteal surface of the diaphysls. 
There v/ns no difference in the gross appearance of the 
bone marrow in the irradiated right logs as compared to 
the non-irradlated left logs. 

Dog // 9867 

90 kv x-rays v/lthout filter, fsd 25,4 Cm,, 462 r 
per four minutes to front right 3e g, 924 r / 14 minutes 
to right hind log. Dog sacrificed 65 days after irradia- 
tion, Epilation of right hind leg 10 days after irradiation, 
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recovi.i’^ c d<^s after Irra iution. Iho e^ross 

app^'>rancQ of t^ie auriu^^ uutopSj w*ts nor.ial ex- 
cept for ti-c spleen ^'hicii *as sllj^htly enlari'ed. Tho ra- 
dius •'is out in the center and the appearance of the 

icarr* '• and the dlaph^se«l shaft ( bo ne cortex ) of 
tho irradiated right radius was compared with the control 
left rdlus. This comparison brought out a strixiug dif- 
ference, Tlie diaphyseal shaft of the right radius showed 
a marked thicKenlng which was clearly evidenced to the 
naked eye. The thickening took place at the expense of 
the bone narrow. This thickening was ZiOt evident in the 
control l^ft radius. The narrow in the center of the 

rijat r 'dius was white, hyaline or gelatinous in nature 

and di*y as compared to the yellow to yellowish v/hite, 
fatty and moist marrow present in the center of t he 
unirradiated left radius. An interpretation of this may 
bo that the low kilovoltage x-rays apparently produce 
a more profound effect upon the bone and the bone mar- 
row as compared to the relatively higher kilovoltage 
and filtered x-rays. This may be due to multiple scat- 
ter being present to a groatex* extent In the low k'.lo- 
voltage,unflltered beam as compared to the relatively 
high kilovoltage, filtered beam. X-ray pictures of the 
cross sections of the uiaphyseal shafts of most of the 
dogs have been tai:en azii .'’X'e Indicated in figure* 
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DO;^ 9856 

4D3 kv x-r ys nith 2 ncn Cu / 1 ’n:n A1 flit r, 
fsd 38.5 . 500 r / 9 ninutes to front riplit le':, 

1000 r / 10 ’alnutes to ri-^it hind le^‘. Dog naox'lficod 
30 days after irradiation. Thor© was no sign of any 
epllqtion or even orythonal effects during the t’ irt^, 
days before autonsy. The organs appeared nornal during 
autopsy. The cortex of the rl^ht radius uas the same 
thickness as the cortex of the left radius. The same 
applied to the irradiated and control tibia of the 
hind legs. The bone raarrov/ of the rlcht legs corres- 
ponded to the bone laairow of the left legs as far as 
visual examination was concerned. 

Dog ^ 144 3 

400 l:v x-rays with 2 mm Cu / 1 nm Al filter, 
fsd 38.5 cm. ,1500 r / 25 minutes to front right leg. 
Epilation in front right leg 32 days after irradia- 
tion at which time the dog was sacrificed. Organs ap- 
peared normal during autopsy. There v/is no noticeable 
thickening of the right radius bone cortex over that 
of the loft radius, ^ut the marrow at the center of 
the right radius v/as dry as compared to that in the 
left radius. The narrow in the center of the left ra- 
dius was yellow, fatty .>:;d moist and appeared normal. 
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ri*’t 



11. r rrow 4r *;1.* r* 

It tltc sLo.'Ol vro "i 



vw ri*-t o:/'y iry but 
v'ijr:h to bo evccuolctcd. 



Do..- . 143 & 

IX' kv x-r*' ;,-s filter, fnd 1L’*C Cr., , 

100 r / -*.v to front rl^Oit ~*>Z* iincri- 

ficod o5 duyu i%ftor irr: lit tiou. Epll*-tion 12 u> ys 
feftor irr>’ cllptlon, ftia wu'« ti oi' fol ovod by .‘* 011111 ^ 
in the front rJ *ht loc» Tl-<oi o vf-s no i’»*covery of the 
a^ellln.-' or epll»tlon oftho front rldit lo^ 05 d&ya 
aftor iriv.dl 'tlon at .lUc! tirio tl*o ai*s socrl- 
flced. Autopsy br»oU(j;ht out ooncidor' ble c'bnornc.lity 
In tl'iO or(-‘>n3 probnMy -hio to an accldort to tho dof' 
a conoidcrnble porl<Kl . ofoi-^ our expcrln'-'nta bocmi. 
T)-ir nploon of tho iO£^ *ra 3 dlvi(>d and tho left kid- 
ney showed a constriction in tho raiddlo. 'liaero v/aa 
no notic*'/vblc thio • ©nin -3 of tJie ri£;ht rr-'.Jlua cortex 
olrer that of tho left radiiia. Ihc uarrow in the rln;ht 
rt>vI5us, ho\’ovor, vras dry, ovacuolated and ahruru^en, 
Th^ Piorrow In tho loft r.* Uua v?. s yollov;, fatty and 
ioolst and nj'poxrod to bo pro ont In r iu*>ount 

th ' n .In tho ri^it r->dius. 

^ 142 3 

100 kv x-raya without filter, fed 12,8 da,, 
1900 r / 0.3 rtlnutoa to front rl.'ht loj^. Dog waa sac- 
i'lflccd Z2 d'.ys after Ir' -. dlation, Co-nploto alopecia 
and noOi.*03ls of tho akin occurred 10 d^ya after ir- 
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141* 41 ft l«A^ ««vO «iM» ^t^ii||c9i lifi— 












rfc. :i - -Ion 



a’c'i. 0'»i 'I'.iOil itl-l’lOf 



-.‘d t!)C -nd 



duj u'. • o. . j *. .V-. iricod. or^ai.3 np- 

pc*x*od riji u-X i».'LO|isy r*Mo-p^ To)’ u Xl 3 tcrit-Xcn in 

tli*» ;J' 11 "he . I.i a thlc.r^sirln : of 

th^^ p, Jius *0 CO*!!, .rc: to thj I'-ft ri-Uu3 cortcix. 

A^’c.in this tnlc< k- to bo ot tlio cxponje of tho 

boijo Kiui*i' 0 <. piitcor ttiun u tJ;lcUor-lrjL. of tho oxto ’!. 1 lia- 
Rot&r of the oh* ''t, '"lo d * uplijac- 1 n.<rro\: at the coutor 
of tho rijit r*i dluo w s ^ollow, drj -ini ev>‘Cuolatyd, out 
th-t of the left r-diua yolio^ir, •r.oiat nivl f»tty. 



Do.: doG 3 

'uls. .as a cooLrol do^. Autopsy ahoucd nori.iul org na. 
Tli^# bono i.wrow *. *s ^ellof.lsh tintin-^ to»«.rJla red :lah 
yollo'*/ h-t ‘-ho eplphyaeal surf-eo of tho shaft, llxo rxoi'- 
ro* *u 2 fatty, racist and did not shoa any vacuoles. 

Doi 5C5 3 

iiOO kv r^:cOjS without filter, fsd 30*25 Cm., 1100 
r / ‘1.5 minutes to rl ;ht front leg. 100 kv x-rr.ya with- 
out filter, fad 28 Cm., 1135 r / 14 minutes to front 
left log* Dog sacrificed 10 days after Irrudlr.tlon, 

::c *=>pil-tion up to tiiio of lutopsy# Autopsy nonaal, 
lliG rltd'.t fx'ont leg v.hich rccolvod the 200 kv x-rays 
h*^u yellowish I'ed rsarx-'ow which was moist but highly 
ov*icuolf te ' , There appovrol to be no visible thiciieiilng 
of tho cortex of tliO boro !»t tho center of the rlgl-t 
radius. The left radius, which was irradiated with 
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«»l«ttt 9 vu «ra iiB iil l J ^ B -tii #%«i 
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-«» *H mu^ (MOM fW *1^ t««M 

• M • ^V 



100 kv x-vhju Li'jer© *.aa jo *.o vlr.i.-l*j evlJ i*co oi' ttit- 
thlcjcotiiu.^ of c.io wOi'tcx ut t.\Q cou*.Oa' of tho 
radius, but tnoro % a ao-uo >iuoation ..^othor this >t^a 
duo to tho will to feOlutlnouc u-rrou or kctu^ily luo 
to 03toltx3 (ooxOxflc tXou}« i.ci a CO , t tOrCo 

vioro i.iuao( 300 fi^jUro.‘5 5 uud & a ) wi;lch inwic-t«.d 
tl»j t thla ..ti 3 not truo l.-crei.ac in tho v.idth of tno 
cortox of tha radius. It sb uii bo raotoi th.*t oiii« 
ten days hr. a olapsod bat - >.en irradiation f^nd autopay 
In til© c-so of 12 .I 0 dog. kcncs it la assuinod tliat "ru© 
incro se in tho thlcknoco of the shaft of the bono 
occui‘3 after noro than ten dayo froai date of irradia- 
tion. Jince nog . 3bG7 ehouod thia effect G5 days of- 
tor irradiation and dog 140 B shov.od this off„-ct 3fi 
da>3 after irradiation ( but with 4 tines tnc doso 
adiainlaterod to dog QBG7 ) , v<e sug^jCat that this 
•productive ostoitlo* w:JLch tends to thicken tho cor- 
tex of tho bono «..t tdio oxpenso of tho bono narrow 
occui’S a pproximatoly a nonth after irradiation for 
the order of raa-.n.ltudo tJ‘e dosage used hcr«. 'xh© 
maii'ov? of til© loft radius was yellowish white in ap- 
pear anco, dry and very nuch reduced in volmso. 
if 5G4 13 

lii§ Jiiv x-i'ii^n \/iti.--ut fi?wtor, £sd dO,Z On., 

4cLj r / 6 mlnntos to front rlgiit leg, 230 lev v/ith 
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4«ii« ^ tMt wri«^ 



.-m 



I ri Cu / rlitur, :':*2 10 Cr^, , r / C*b 

Mlnut'ii tc *'1'? !■ Ifc,. «i*ci'li Ico*.' oou Iljo 

• ter lint lit ion. !'c ’yiIi*Llon, *iito;6y J.oro 

'ja-j no t’.lclc n*.nr, of tl-o oci*la-\ of th« l -l’t or 
ruiiu 3 t'vjt c'-uid b«i o: *vrv.'l vleua*ly. I^ r'-Ow of left 
td rt'iit uito cl*’ii.'r with '-ho ercojjtloii th#it 

l'«e I’lait 1(^5 i!* no;^o .'u " noro raJiilsh in color*, 

not a'- dry end not v eue :t d to U;u acuio extent ab tho 
aorrou ortho loft I’i- 'luo. 



Do -; : 0o7 D 

IK- kv n-r.>y3 iulthout filt.r, fed IJU*5 Ga., C12 
v/ C niriUt»,n to 1‘rcnt lift ll'^D v / 0 alnutoa to 



j*lt hind ^.0^;* IkK) 



kv 



x-r» 



j ® » 



with Lhcretva 



.top. 



fod :i,d Cr.. , COO V / lo to rljit front loQ, 

aaorlriccd 7 o after Irradiation, Auto;’sy not 
p::rlorr.c.d, ho four le-ct cut out jnd the radius, ulna 
end tlbiii studied. Tie rtdiiio and ulrsn of tlio l*.ft 
I*** aesnod t o bo sJ-^ilar in ovei’y rs;j, oct to the ruJlua 
fend ulna of the ri-ht loj^. This was. true with re..>pect to 
f 'e thickness cf t I'.o certnx and the .a turo of tho mr- 
ro.v *s far a" vIpu'^1 ©xt'JLu'llcn could I'cvoal.’ut there 
t/af n sli '/it Ulffoi“Onco in tho »vppcf ranee of tho riurrov/ 
of til* left C-..1 rl^^ht J.lni* le^s ( tibia )* Ir» tho rlj^t 
tibia the naivcw >/••« ncist, f -tty •no, jolio’vlsh uLlte in 



color. In tl ‘0 l<.^t tibia t '-o , a i-‘ ow a joi^o^tdh red. 
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f|H«il4li^ f# ’Mf*u 



nmk^ i€t^ «* tM# l*tMV 
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% — wa ••<« «— * «^cn> iwu aiw n« 






«0 )• mU tm U«U a«| 

.MIM ii aai*«4iil' 

«t <«••«« «4« «1M» AW M« .V> ** 




dry Hp.i s i><, ' .iai f ■: i c >. oi o< - 

teltia. lu. *. 'U’i.u- 5 ' o- i*: t, «tid ri^'ht tiol.. ahoreJ 

no viaible ullferenco. 

X>E / »-^0 B 

lOu Kv fcimout niter, ,Jt,l Cs, , 

l^b5 r / 14 minnt*s to rii/u. Ict^j .eOC ..v x-i s 

with i ioroQus *» riltcf, fsd . -i.o Cm., ltdO r / lei- 

nutoa to the loft fn.nt let;. Jo^, aacrij icod 7 d.iya rl- 
ter irradiation, ITiero ooiiicl to oe Jiliorciicc i. the 
appsurunce of t lie cortex of the bones XiOr in the xjrxTOw. 

Doa , 939 B 

201 kv x-v,^a ait'i Thoroava tf 2 fil^c-r, fsd 23.2 
Cn. , 1300 r / 20 minates to lott fi'Oiit loo» 1300 r / lO 
minutes to l*ft hlnJ leg, 100 kv x-rays without filter, 
fad 24,5 Cm., 1300 r / 13 -linutevS gi/on to the ri^it 
front at.d the rlt;lxt hind iet^a, Jo^j sacriflcol 7 dujs 
after iri'adii tion. In this caso horo soomci to be a 
more signlflc-nt change in t r 1/0 iev x-raya as co:ip*(rod 
to the effect produced bj the cOO xv filtered x-rays. 

The narrow of the lei c I'uoiuo was conslderatly i*edaer 
than the siarrow of the right radius. The inarrow of the 
left tibia was siiT.llQrly rodder than Uie marrow of 
the x’ijiht tihia. Thci'o was no vijib.ie thlCiwi''nln.; of 
the left cortex a^s co*s; rod to the I'l^^it o:*o, 

A review of the a-‘ xvo-. lent iowoi gx‘Oss chun.^es ob- 
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,'9W44> « f mm9 ^ 9» 

y u^ ; ,.W #l4i' ->l •4#i«l|« O S 4 ft4Ci 

«<«««f*| ##^rt .xw *•*« rsfcB. AS 

.%f 149^9^ «^k,«''* &i. ^ i ^Ci ^«4lU 4«r*l 
9 9«9r'H»*^ r^ k^lA «Mit*r ■<«/ 

§ ^ ^ i ^r~ir Muuj «•« 44^^44 «i2> •ov|jIbiU« 9I^ V*4tt 

Cm^a» «. ^ «^^r« f» •«( - M f*s^ ^iXXami^ 90m 

•f.^jNi«i. 9% «r ^ 

t»44*^ 4 L^v4iim» $mrn 44|i.« $$» «e «fS 

• J t r«^ »— Mr »mftAf% 't %i-9 i*bi:4 

^ 4i4 »» * y ^ #•* viw^ 

«t •* *^t 4^* fSPd* Bifi# 

<®> ^ ^ *s I ^ •*■ ' ■* *• 4* 4^ •• smif 

L~>»-'». • ** *44 I* 



4 :'Vv‘‘ iu .. <-*.t ” o ‘ o. !»t *' ct 

tliuv Jr .’ :. -*>lc jJi-^ •-/ cor- 

iktr. )C tl... a'Iui- '> 0)0 ’ ..cu it. !.■• ir-dittod with low 
" ulitor*u»J x-rvyr i<ooon.i3 lrici-?t si ngly 

o»itl' :=t ,'t-. tho p *.*••;» -M '»r i'L‘'»e fro* ^he Inl^ i 1 d»te 
of li’* .*iVIm ti. n. • ■•'f' w t not o‘^ik*rvrt'l 

f . r t .. h' volt ft flltoroJ v'l'js uao<i in the ion-'»o 
r--*c.<^ of o^r ox-;« r ii’^r.t. '0 b«liovo th t ht-v' do lons- 
ti* *'*J rcnn. pa J’or ti.o 'ir -t iL o ii tho llt-ji-uturo t at 
lo»# vcltft^^ r-ri'.ya }5 J*vo r orofoun’ blolo,iic^l o IToct 

thr.'; i-e .1 ' • 1- Oi^/ !.i ,h voi'- • #:•» filtered r-yja. 

- • ’:Ii-‘: t '.la -. Ij'.l '-tudlfa 

'vii.Cva tsu'ro ■ sn e ro f cMitiee iu thi t ju’oa 
to 3 £-ul^ 'll tclo,.tc'»ll; tno undoes Icificd bonoa, wo ^'oro 
f^j^Cud to * 4 ;roo to hr.vc o'or bor*o asrr lea doc/ Icif loci and 
pr*p red for hlctologlc^l otudicr., tho results oro ©x- 
trenely dla£.pnolntlr» 5 , Ir that tho electrical 'lethod of 
dac*s.lci'’ic<< tlon roruod only partlnll;; on the hone sr.rjplos 
of our expea’i) 'Cat. "hia iiocoaaltotcd the U' 6 of nitric 
acid to dte deify oo. lo c;f the bones, -iiitl in Cr'ses 

one biwio autijjlo ’•/ > i put throu.^ both the electric 1 and 
clionic -1 lOtliO-i jf docaloification, Konco '•.o >voro not 

oh-xlii U'clforia J O'llcif.lc- tion, »or.50 than that, 
t*i* 1 ".' 1 ' ’volj ’.•£r>il 3 tectiona of the r-dius of 'ho 

oono, ' ic'. -'O h' 1 hc^ '*• I to et In one alido for ctudy of 
endoatocl and p»rl-_ot-el curffjcos of the bouo, ‘•oi’o chipped 
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oCVul'l/U. LiO iOli to lilAj l*0COj- tliZOi-'l© 

jurx'ixco uf tii.c uoiiO. 1.0 tii..*j>lus ui. Louo uurro.j coulu 
be pi’ept.^'eu. i'or au,oqanuO i>tadj • It was in viov/ oi’ i/ii©s6 
dlStip^-oi.itlne, i^iotg dociuca to repeat the oxp>e- 

> ^ ,itli the li at till uogs neutioued aeovo ( Dogs 
deVB, )33D, and SeOB ). iio./evor, euo to the Siioi-tage 
of tL.ic the dot^G /.ci-o sacrllicca seven du^s alter irra- 
diation solely lor i.hc purpose of studying the el feet 
of the quality of radiation upon the bone marrow foi* 

..e realize that calcification probably would laanlfest 
itself in a period of months rather than d.ys. Idle re- 
sults of the eit,j-t dogs of tho ear...ioi* part of the ex- 
periments caii bo summarized simply as folxows : 

Some aeaa osteocytes in the lamellae, empty 
lacunae and some alsappeararxe of canallculi in the 
irraulated sa.nples as compared to uniri'adiated bone. 
However, tmore was no nlstoiogically noticeaDle chnages 
between the low voltage unfiltered x-rays and oiie re- 
latively high voltage filtered rays used in the irra- 
diation of bone. 
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B* Dackscntter and Port 31ao Studlea 



!• BOO kv with ThoreuUG 2 FI It or 

Usin^i fclu' Vlcto.’ooa v-victor tho Tollc ro- 

auico .'m‘0 obtt Ino..’ : 

a, P'or - ort Sl^o ( 10 Cm in il**,Mutor) 

r-uotor r«fidin(^ la air 100 S, 

suiao but v;itu ’./ooU bucaacMtior 117,13 % 



3o.je but witli uTood (i Al Lacksctittor, , 


UB.6 io 


soiao b\it ifith wood oi ib icvncu ',tor. . 

t. 


108,5 % 



b. For Snail rort Size ( 4 Cn iii xlanter ) 

A 



r-muter ret. uiiif;, In air 


100.0 % 


sa "lO but with '.tood bao.,TC. t toi» 


102.0 a 


sa.ao but wi-ch wood <5c yil bao oCuto -r , 


109,4 


Sfjne but with ..ood .*ul Pb ' 


103,0 i> 


2, 100 l:v without filler 
a, For I'.t'o ^•'rt Oir.o 

r-met-r rajdln* in cii* 


100.0 % 


ser.o but ith wood h C s.;-: tt. r 


109,5 % 


sarift but with wood <S: Al b icoc 
b, P’or Snail Pert Size 


108,0 % 


r-ifster rDadlni;; In al" 


lOO.O io 


anno but "^Ith wood b''Ck'<c*'ti er ...... 


102,5 % 


sano but wif*’ wood -’vl *1 " ...... 


V\3.9 i» 


In all bncirsC'-itt’-^ar r b^iA i 


cted 



normal to tho brc*ci,CKtt<;rin ; 1, o<' A.lu- 

minma ani Ift-'i x"oro on ’■'oo'i '^Tvi !•; tormod 

above *s t'lB b*^c*' ’'C tt* n from -rod • A . ’<’.*1 or 



from wood and Load, Tlio oheot metals wore 0,3 Cm, In 
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width, and they were circular in shape with a dia- 
netor of 10 Cm. The wood 5 Cm, in thicKnesa. 

It shoul 1 be ' f ^ ttor •■'■a 

cons 1 d^r*- bly r'*.d)cod •« tTe rort slza rs d'cro'sed 
and th t this effect s mo'^e p-^onounced in the 
200 l:v filtered ;c-}’ay bean ss comrere to the 100 
kv unfiltered beam. Since the backsc' ttered bean 
must be considerably d'^' ^r-ded ir. ener<3y it ’.ould 
do considerable d*u”xnge to ^ -tie, c a -^e daily to su- 
perficial bone, such s.s the boees of the sk. 11 or 
handxS . The bones imbedded -ell in soft tissue may 
escape injury f"om ■^hls type of b'cksc'’'ter duo to 
the fact that the lew en'^rg;/ backscattored rays 
probably cannot penotr- to n-^ny ct.ntirr.c- tors of tis- 
sue , 
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1, A rovi-.® Oj. ' ll--> i'«wL»^v^ liiu Ic;. oO 4 u^tiifcOJgh 

it iiiid Doon i*eoo,^uiz«'i L.iv*t ooao tion. than 

aol’t thoi’td wys .io cuo y vl ao* CO <!' t rela- 

t i V o X* ti a «ii»a fl C i A t i vi ^ i *j VJ ^ TaO ziiAAtOiyi^^yAi ^ t X v!lC » .C of 

iri*a ilatio.x ci un.,.t*a uo o^aaO ( extcrricAl irai.uiA'ilioi.) , and 
Ctti'talXix^ aaO ovi^ nco b*ic , oli ct ivl j,o.. vol- 
ta' o :-,-rx..a a» conoyrod to tlAe loss juAui^inAj uflect of 
hit^i , riitcrod x-rs^s. 

)*« h* ve i'ovl*^*eQ tne validity of tlxc difforout 
uD.^crr'tion-'Gcattyr procesAsea . Ihis hus lod ns to a crl- 
ticiara of tJiO u.*aO of ’jIaO ccnccpt "yffocUvo ato. 'ic 
nu,»AO«ra'' for co.ipounds us«d ..s au joi’bors . o hsvo rocoxi- 
utaiidod Ui^t froi- u Acio..l*d c of the cheaic 1 coinporjltlon 
of a coxapoan i it ia pos' ibltt to J teri'iiao tho totx-1 ab- 
aorptiorA cocih icioiit of tlio oo-i ound. b .r.:plo cnlculr tlons 
are nciue ani exA^axplos ,.iven i’-* £,i‘aph fom. c Ir_ve oon- 
pax’ed tixc. aosorption uoof i i>. lAAUtc obuulixod by Uio Vurious 
Invofttigutora and ciiosen the nfoi*ii of John A ViolOi'eTii for 
low onoi'gy photono and thu cuAaui'olxonaive worn, oi Jnyder 
fox* hit^i onA,rgy photon abaoi^j tlon, 

b« *0 have ^ tailed study of the oricu'gy apoc- 

tr'vUa of tho dA.fferont x-i*tiy bearas u^ud in oui’ oxpt x'iiiont. 

It is our opinion that this 1 o:aus to .lOve accurate CaaIgu- 
lation of absorption UAiaix by .'ixrely using tLe avf.rago or 
mean onergy of an x-i’ay boaxa obtained fro'.a a knowledge of 
tho half value layer (HVL) of tho boaia, which at best would 
give an order of magnitude answer to tho absorption prob- 
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Ion even for « h**'. * :eneous 'pniuitom'. Tho JlVL, or •*ver«ge 
encrj.y of l bean ho’telaaslj iriader 4 uate for -*:udy of 
absorption in on in}iocaOj_,ei.cou3 nedlurti such bs soft tissue 
and bone. The ietniled ener^jy spectrum of the different 
beams brings out tho fact that the ratio of thf* energy 
absorption in bone i>s coniparod to soft issue is 6.3 for 
tho 100 kv unfiltered x-ray beam, 1.71 for the K )0 kv 
filtered beam, >>nd 1,708 for the 40) kv filtered beam. 

4. The recent ork of Plesset and Cohen shov/s 
that multiple scatter is proportional to the reciprocal 
of the linear absorption coefficient. l.encc to reduce 
multiple scatter ^e should either use very thin absorb- 
ing media or ener^fetic rays. The lo voltage x-ray beam 
is degraded in energy by the exte..sive multiple scatter 
and this increases the probability of plio toelectric 
capture by the calcium of the bone. The damage to bone 
caussd by increased scatter cannot be calculated 
theoretically hence v/e hive attempted to prove our point 
by animal experimentation. The filtration of x-rays 
by the bony envelope of the bone mai’row is a maximum 
for the low voltage unfiltored beam. Ho vever, the in- 
creased biological damage produced by multiple scatter 
works against the oeneficial filtration effect. Since 
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this c-i’inot ' a *jtndl«d tu a h’vo rtu?In rosort- 

evl to anl'i'il ••■»T*orlnent"tion to <l»-t*‘rnlriO ths <iuostloa 

'he rfc''*nco or nbo-^uco oT ololo, ’icfil rt«n.tg»» to the 
bo’>j '^'ir^ow, 

!'j» '’’he • nl’rinl orl *-*rt.'ttlon }'ns brou.;}it out tho slc- 
f* ct thwt lev volt*t;Oj uj*riltorod rndlutlon In- 
cr©»»'i05 tho co?r*tex of tho borio at tho orp^nno of tho bono 
piari‘C’7 cavity, "niii w*-3 obs .^rved in tivo experiiioi ti 1 ani- 
nrls, Cb ani 32 'itys uftor Irradiation, This offoct wan 
net ot curved in any of the rninals Irr'^dlctod --Ith tho 
rcl« tlvoly hi,’h voltaro f^torod x-r.iya. to til© 

bri'.e nr rro\r to be proportional to tho thickening 

of -}'o bone cortex rroducod. 



VI, iuooyx..M)^Tio.Ns 



It l 3 recoacwir*'!* ) th t In orJ^r to cause *a1.fil.-nAl da^ii.e 
to boni »bil© 'Oft tissue tu-ior rol*- 

tivei^ hiifh voltig* b»» used <*ith a. aajcinuvj of filirti- 

tlon and ith a 3*a*ll port size (to rnduco bMCiC*catter to a 
minirau.'a) . 

A. ir th* 00.10 1 ‘. i-ibelaoi davp i«; tho *ort tlsBUCii of 
tho bodj , «uch a* <h« rolvic bone, .»eli ooili ‘^t''d oaauotQ of 
29 Mov botatroit •ouIm ctuso ninlnal to fa# oo*** as co. - 

pared to soft t^isaue el*5««nt3. 

b. If the ,'o*.e is l e i.” hA surface o» th# bodj, “uce mm 
the bonos oi Vie Itt-ni or f>.e c*lvorlui etc., 1 Mev, #eil 
filtered x-ra/’i should be eai*J ith snail ;ort size. In *he 
©vent thf-t radioisotopes arc usei, any iootove ••hich puls out 
noiiOsrrlc gasin!* raj.s of r.' proxi nu toly 0.5 .';ev is reco weeded. 
Oold 196 Is a rood example of the type of r-'dlol'jotope tm t 
may be usoJ since it £>roJuces o loor ,ic ;a,TPt' r«y of 0.411 

Mov enercy. Thi.s ga.T.ta rny #111 ao t-U'ourh ©uperficlal bone 
without multiple scatter, but its e.nr^^j ii still -ithin the 
raUpte nfhore some botieficijl .ihiellin- of the non* T-.rvro-. bo 

obt,*inevl throui^h tho 'filtration’ proces:. Ho*ovo’‘, tae .j,7 
auy half life m*ty impose sto.-:.o pracvicil ves trlctior-s to .iio 
external u.se of Oold 198, 

0. If the bo.i© ii in an intermediate position (not .'.i'7cr- 
flcial nor very deep ii tlia body), then it 1.* reconj-ir-nded »Ji-*t 
Cobalt 60 be used. Th* j.mfmit rays of Oocslt 30 are 1.17 end 
1.33 I/ev. A aell colll'aated --raj beum vhich is hi *hly 
filtered and -hich h»s an average rn-sr^'^ of 1 yev '*1.30 be 
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UT6d jn’Ovid»d "inp port tlie it aaMll, Radius i»* wt rt*co!Ti- 
H#iideJ boc>*u*»* of t-'e* *id« rwoMi^ ■•» -Km*’.* nhatnu^ Ir^ its 

equilibrlUfa decay pr^^ct* (w.l04 Nev lo J.13.S tov) . 

d. Tho i vovb reco «.i»»ndatiou j *re basr..l u -o i Li e £‘*>ot thut 
for boj** rj^M* «uifvco of tro body he man I'roe outh of 

incident retaliation saore naarly a’lnroxlaatas k value intar- 
■codiatc between 1/n arui l/(» - gJi)» refur-nce Table VI^I, For 
this reason tJ,411 i^ov rays of Jold 130 (or 3,5 i/£ev 

?u*ni« raX' from «ny rf*diolsotope) is considered the best source 
of irradiation extoriial to th# bo iy . ^or bone deeply inbodaed 
in tio'uo, it ii» rr<t'« >n?d thvt the moan free path of the l.ici- 
dei't r> .nation is iver the l/n value, hence the x-rujs from 
the -ov betatron ore roco’seendod, since at this high enor^yy 
the ncaii free path ij a naxlnuai (in bon«) as s]io tri in Table 
VIII. I*’or bono tim t it into”. i< ii-<te bet»/een the •uierJ Icial 
and tlie deeply inbeddel esses, th« i-iTins rays from Cobalt 30 or 
its "*^divalet*t f.oro r»co.'teended, bec&u. o tho ."uean free path foi’ 
this ty e of ra iiation is su.fflci«*it to produce only sinttle 
scattar, and t)u*re Is to rolrit in usin_ nore oeneti'atin rudia- 
tion. In all of tho above-meatione i rsco vionviatioi s it has been 
assumed that thu boa® vill bo v?Tj sn^ll In cross section, nell 
colli **atel, an 1 t.hat th« tXAmor area would be iittacKed from 
different lirections nith a namhor ol such beans. 



i>D 



III— «i fp» 

'^.'1 




VII BIBLI03RAPIIY 



1. Spiers, P.W., Brit J Rad 19:52, 1946, Effective 
Atomic Number and Energy Absorption in Tissues. 

2. Spiers, F.W., Brit J Rad 22:521, 1949, The Influ- 
ence of Elnergy Absorption and Electron Range on 
Dosage in Irradiated Bone, 

3. Desjardin, A., Radiology 14:300, 1930, 

4. Colwell and Russ, " X-Ray and Radivun Injuries," 1934 

5. Watson and Scarborough* Ara J Roentgenol 40:524,1938 

6. Ewing, Am J Hoentgenol 15:93, 1926 

7. Ara J Obst & Gynec 32:50, 1936 

8. Arch of Otolaryngology 38:403, 1938 

9. Can^, Radiology 45:213, 1945 

10. Strauss and McGoldrick, Am J Obst & Gynec 41:915,1941 

11. Bloom, "Histopathology of Irradiation," 1948 

12. Heitler, W,, "The Quantum Theory of Radiation," 1944 

13. Hulme, Proc Roy Soc 149:131,1935 

14. Snyder, W,S, and Powell, J,S,, Oak Ridge National 
Laboratory Publication # 421, 1950 

15. Hull and Rarita, Phys Rev 46:143,1934 

16. Cuykendall, Phys Rev 50:105, 1936 

17. Jones, Phys Rev 50:110, 1936 

18. Grey, Trans Roy Soc Can 21:179, 1927 

19. Lea, "Actions of Radiations on Living Cells," 1947. 

20. Victoreen, John, A., "Medical Physics',' Vol II, edited 

by Otto Glasser, pp 887-894. 



f , . ^ • e*^t 


«I5 ^ 5 *» t 


1 . . . ' ' • i*4S 


4 ^ 


. oc^* ' : .1 ♦* 4 


t • -j: ^ 


•»► —i 4» ^mut : 




«i '‘X • 


t» .*• -• . . 


. . . , . 


• ^ 


t£^ «=4<*-S 4- 








. - 4 . ' 


-v» it 41 C*‘, 






' ' • V . * * • • 


, .i , M' 


• 1 


' 1 *1%®*'* !••? ^ 


4( • » J f 




1*^4 i , « \ju* iun* 41^ 


^ _ • * * 




4 J 


« 


* r ♦ ’ §kS • *'* 


•'< • «J . W •- 'Ik 


^ 1 




S<i«/ .> ' 


•-P* V •# 




• • i 


, , :, «. -i.-. .c 


“ ^4 ••j i ♦ h 


• 4 




" . -i » j , 


.«^; 


% 


l4^V . *^|4i 4a^T . '• 


. , . • • . . 


)i •• *4' »■'■. 


Of 


4hi • 


• r ' •— 


(t » V . i— 1 .»/ 5 


. f-< 




t i 


•• , . , ■ UM 


.rj 




1 

f 

1 

4k 

4 


V* (kw«» mUU# 


.u 

i 


i. L • 4^ • • • i • 


H • ' • * ■ 


. ^ . . . - . 


* *1 f 




i ' t >» j « 4 4 * 


(•. ^ mU 




i . 


k 1 • '1* t ^ 


, . < C 






* 1 / Xf*** ^ . 


, < t * ■■-» 1 , 


. 'i 




• .IiX* .- 


' ♦ ,^*i * •*<•-* 


■ 


• 1 


,0 -j ^ IV •< '■ : ; 




.•a 




o < i, > . ^ Vt 


• j ^ • 4 * , 





t ^ 



■ . k .4. . ..«Jl >lf *if 

' . - V*® ' ^ 1 > 



.wT 



1 * 






21 . 



Sirl, 'william, "Isotopic Tracers and Nuclear Ra- 
diations," 1949. 

22. Hewlett, Phys Rev 17:204, 1921 

23. Allen, Phys Rev 27:266, 1926 

24. Lauritsen, Phys Rev 45:433, 1934 

25. Parkinson, Phys Rev 76:1348, 1949 

26. Chao, Phys Rev 36:1519 

27. Juancy, Phys Rev 37:698, 1931 

28. Tarrant, Proc Roy Soc A 128:345, 1930 

29. Adaiiis, G.D., Phys Rev 74:1707, 1948 

30. Bethe and Heitler, Proc Roy Soc 146:83, 1934 

31. Phys Rev 72:1060, 1947, Watson. 

32. Hirschf elder , Phys Rev 73:852 and 863, 1948 
33a. Heitler and Sauter, Nature 132:892, 1933 

33. Mayneord, W.V., Acta Unio International contre 
Cancrvun 2:271, 1937 

34. Wilson, C.W., Brit J Rad 10:344,1945 

35. Selling & Osgood, "Handbook of Hematology," Vol IV 
1938 

36. 

37. Payne-Scott, Brit J Rad 10:850, 1937 

38. Lauritsen, Radiology 31:354 

39. Cassen, Radiology 31:319, 1938 

40. 

41. Plesset and Coehn, J Applied Phys 22:March 1951, Scat- 
tering and Absorption of Gamma Rays. 

C - 2 . 



If* 

r 

4 

n X# , 




4 .11 • . 






«■» 1 • Pt » i-» 

4 »i • .> . . '^ 

«*«'!•• — ■• .’* 
•••* *• \* -r- r^JiH ,f •• . f .% 

• • ii • • t'" 

, <*«» t i • - * “ * . . ■ 



I" • I ••^ f* *•»' ^ f . , 7 S' ' . A 

i .V . J ,A ^ .... o , •« 

• St' * I f • • I m ,'J» 

-* ' , S. 

' . ' • * • .» 

— . - ^ !• I » 

- . • . K, «'• ' 

• ^' -- — 

< . - ■ 1 4 6 . . t> . 

• ' t <ju ) C ^ «4 . ' 

: 

• ♦ ^47 . 1 ^ 

.- • j . - • * • • 

•■#•4 ,*i. ~ ■ . ^* , . 

^ «lt‘- . •• ^ 



^ - f ’ 

♦ • ►• ♦ * • i • • 



• 7’*ji ^ ^ ^' eX *\ 



• ^ 



MASS ABSORPTION COEFFICIENT 



t 



6 7 6 II 12 13 15 18 20 

C N 0 NoMgAI P A Ca 



Figure I 




03 OA 05 06 07 Ofi OQ in 

ENERGY IN MEV “ 



4 ,5 .6 7 .8 9 1,0 



4 5 6 7 6 9 10 



30 4 0 50 60 70 00 90 100 






I 

I 




MASS ABSORPTION COEFFICIENT 



* 

* 



FIGURE 2 




ENERGY IN MEV 






FIGURE 2A 




01 02 .03 . 04 .06 .06 . 07 . 06 . 09.10 . 2 .3 .4 .5 . 6 .7 . 8 .9 1 0 



energy in mev 




0 .( .2 3 .4 .5 6 .7 .8 9 1.0 l.l 1.2 



^ (ANGSTROMS) 








# 




100 

90 

80 

70 

60 

50 

40 

30 

20 

10 




4 5 6 7 

DEPTH Icm) 



^7 



FIGURE 5 



X-Ray Photop;raph 3 of Radius and Ulna of Dor # 9867 

OHIO STATE UNIVERSITY 
VETERINARY CLINIC 
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Left Leg, Control 




Right Leg, Exposed to 
90 kv X-Rays, Unflltered. 



Rote thickened cortex of right radius in cross section as 
compared to the cortex of left radius 



X-Ray Photographs of Radius and Ulna of Dog # 142 B 

OHIO ^ATE UNIVERSITY 
VETERINARY CLINIC 
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Left Leg, Control 




Ri^ht Leg, Exposed to 
100 kv X-Rays, Unfiltered. 



There is a beginning of a thickened cortex of the right radius 
shown in cross section at the lower right hand side. 
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